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Preface to the Third Edition 


The original Structural Masonry Designers’ Manual was 
viewed by many in the industry as a seminal reference 
for structural engineers designing masonry structures. The 
authors were founding members and directors of Curtins 
Consulting Engineers, a civil engineering consultancy prac- 
tice, which was synonymous with the innovative and cre- 
ative use of structural masonry in the latter part of the last 
century (1970s onwards). Both Bill Curtin and Gerry Shaw 
were educated in the old way which consisted of working 
by day and studying by night. This engendered a passion 
for their subject, which is evident in the previous editions of 
this book. 


Gerry Shaw was until his tragic death a Visiting Professor 
in The Principles of Engineering Design at the University of 
Plymouth. The updated manual takes nothing away from 
the enthusiastic approach to masonry design evidenced by 
the Curtins’ authors in the previous editions. Their prag- 
matic and practical approach to masonry design is retained 
in its fullness. 


The new revision reflects changes in the industry with 
respect to health and safety, as well as Building Regulation 
requirements for heat loss, noise transmission and dis- 
proportionate collapse rules. The recent amendments to BS 
5628 Parts 1,2 and 3 are also included. 


One major change is the transition from British specifica- 
tions for materials to European Standard specifications. 
European specifications are based on performance criteria 
rather than prescriptive criteria and this will require struc- 
tural engineers to be more aware of the materials that they 
specify. 


Many changes have taken place in masonry construction 
since the last edition of the book was published. Many of 
these changes are quite rightly related to health and safety 
issues, which now appear to influence both the structural 
form and the choice of material. The current shortage of 
skilled labour within the construction industry further 
affects the design decisions made by structural engineers. 
However, innovative work in the use of structural masonry 
is still in evidence in structural engineering design. 


The format of the book has remained unchanged since it is 
meant to be a discussion of process, both theoretical and 
practical, rather than a series of calculation sheets without 
explanation. The drawings have been updated, but have 
also been produced in an illustrative format rather than a 
technical drawing format. This is intended to aid the reader 
in the understanding of the principles. 
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cross-sectional area 

cross-sectional area of primary reinforcing steel 
area of compressive reinforcement 

area of shear reinforcement 

depth of stress block or shear span 

shear span (distance from support to concentrated 
load) 

width of bearing under a concentrated load 
centre-to-centre of cross-ribs in diaphragm wall 
bending moment 

width of section 

breadth of compression face 

clear dimension between diaphragm cross-ribs 
compressive force 

total compressive force 

compressive force in reinforcement 

wind, external pressure coefficient 

wind, internal pressure coefficient 

overall depth of diaphragm wall section or depth 
of arch 

diameter of reinforcing bar 

effective depth to tensile reinforcement and depth 
of cavity (void) in diaphragm wall 

depth to neutral axis 

depth to compression reinforcement 

Young’s modulus of elasticity 

modulus of elasticity of masonry 

nominal earth and water load 

eccentricity 

additional eccentricity due to deflection in wall 
effective eccentricity 

the larger of e, and e, 

maximum eccentricity that can be practically 
accommodated in section 

total design eccentricity at approximately mid- 
height of wall 

eccentricity at top of wall 

characteristic load 

average of the maximum loads carried by two test 
panels 

tie force 

characteristic anchorage bond strength 
characteristic local bond strength 

design axial stress due to minimum vertical load 
characteristic compressive strength of masonry 
characteristic compressive strength of masonry at 
age when post-tensioning force is applied 
characteristic flexural strength (tensile) of masonry 
value of f,, when plane of failure is parallel to bed 
joints 


value of f,, when plane of failure is perpendicular 
to bed joints 

theoretical flexural tensile stress or flange thickness 
design axial compressive stress 

flexural compressive stress at design load 

flexural tensile stress at design load 

characteristic shear strength of masonry 

flange width 

characteristic tensile strength of steel 

characteristic dead load 

design vertical load per unit area 

design load per unit area due to loads acting at 
right angles to the bed joints 

design vertical dead load per unit area 

thrust at crown of arch 

clear height of wall or column between lateral 
supports 

clear height of wall between concrete surfaces or 
other construction capable of providing adequate 
resistance to rotation across the full thickness of 
the wall 

effective height or length of wall or column 

clear height of wall to point of application of lateral 
load 

second moment of area/moment of inertia 

second moment of area about neutral axis 

stiffness coefficient 

constant term relating design strengths of steel and 
masonry 

shear stress coefficient for diaphragm walls 

trial section stability moment coefficient for 
diaphragm walls 

multiplication factor for lateral strength of axially 
loaded walls 

1-sin@ ; ; 
{4ena from Rankine’s formula for retained 
materials 

length 

a span in accidental damage design 

effective length 

spacing of fins, centre-to-centre 

lever arm 

applied design bending moment 

design bending moment at base of wall 
design moment of resistance 

moment of resistance 

stability moment of resistance 

moment of resistance of a balanced section 
moment of tensile resistance 

design bending moment in height of wall 
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design vertical axial load 

design vertical axial strength at balanced condition 
design vertical axial strength 

design vertical axial strength when loaded on the 
centroidal axis 

number of storeys in building 

neutral axis 

axial load per unit length of wall, available to resist 
arch thrust 

design vertical load per unit length of wall 
design post-tensioning force 

characteristic post-tensioning force 

acceptance limit for compressive strength of units 
specified compressive strength of units 

mean compressive strength of units 

allowable flexural compressive stress 

allowable flexural tensile stress 

constant term for design flexural strength of 
masonry in compression or radius of arch curve 
characteristic superimposed load 

dynamic wind pressure 

design lateral strength per unit area 

design horizontal pressure at any depth (from 
retained material) 

radius of arch 

ratio of area of reinforcement to area of section or 
width of flat metal shear connector or radius of 
gyration 

projection of rib (or fin) beyond flange (in a T 
profile) 

rib (or fin) thickness (in a T profile) 

vertical spacing of flat metal shear connectors 
clear span of arch 

slenderness ratio 

section depth 

strain constant 

spacing of link reinforcement 

total tensile force or thickness of diaphragm leaf or 
flange 

thickness of wall (or depth of section) 

effective thickness of wall 

thickness of flange 
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thickness of a pier 

thickness of a cross-rib in a diaphragm wall 
width of masonry section in vertical shear 
thickness of flat metal shear connector 
uniformly distributed load 

shear force 

design vertical shear stress on masonry section 
axial load 

own weight of effective area of fin wall per metre 
height 

characteristic wind load 

design wind pressure, windward wall 

design wind pressure, leeward wall 

design wind pressure uplift (on roof) 

width of stress block 

depth to neutral axis from top of beam 

fin dimension, neutral axis to end of fin 

fin dimension, neutral axis to flange face 
deflection of test wall in mid-height region 
section modulus 

minimum section modulus of fin 

maximum section modulus of fin 

lever arm 

bending moment coefficient for laterally loaded 
panels 

capacity reduction factor 

partial safety factor for loads 

partial safety factor for materials 

partial safety factor for bond between 
reinforcement and mortar or grout 

partial safety factor for compressive strength of 
masonry 

partial safety factor for steel reinforcement 
partial safety factor for masonry in shear 
deflection 

short linear measurement 

strain in reinforcement 

orthogonal ratio 

density 

sum of the perimeters of the tensile reinforcement 
reduction factor for strength of mortar 

unit reduction factor 

trial section coefficient for fin walls 


1 Introduction 


The use of masonry as the major structural material in 
house-building has maintained its market share but the use 
in multi-storey structures has been eclipsed by the greater 
use of steel and concrete frames often clad in materials 
other than masonry. This is a pity but has been brought 
about primarily by changes in health and safety regulations 
relating to working practices and the shortage of skilled 
bricklayers. 


It is well known that brickwork forms an attractive 
cladding and that both brickwork and blockwork are 
durable sustainable materials with good base thermal and 
acoustic insulation and excellent fire resistance. Both can 
be more economic and faster to build if designed and 
detailed by a knowledgeable structural engineer. In their 
highly stressed, slender, modern forms, current masonry 
structures have no resemblance to previous thick masonry 
structures. 


1.1 Present Structural Forms 


The two most common forms of multi-storey masonry 
construction are crosswall and cellular construction (see 
Figures 14.13 and 14.37) — which can show as much as 10% 


reduction in overall construction costs and time, compared 
with other materials. Crosswalls are extensively used in 
school classroom blocks where one brick thick walls have 
been spaced at about 7 m centres. In halls of residence, hotel 
bedroom blocks and similar applications, half brick thick 
walls have been used spaced at about 3 m centres. These 
walls are not only space dividers and the base for acoustic 
barriers, but also form the structure and completely elimin- 
ate the need for columns and beams. 


One of the reasons for the speed of erection mentioned 
earlier, is illustrated in Figure 1.1, which demonstrates the 
essential simplicity of brickwork and blockwork structures. 
A further reason is to be found in the fact that there is a con- 
tinuous ‘follow on’ of other trades. Several contractors have 
successfully used the ‘spiral’ method to speed construction, 
shown in Figure 1.2, and this is described in some detail in 
Chapter 9 (see Figure 9.29). 


Useful and economical though they are for a range of appli- 
cations, both crosswall and cellular construction demand 
repetitive floor plans and are therefore not suited to build- 
ings where the floor plans vary or where large flexible open 
spaces are required. 


(9) strike shutter 


(8) cast column 


(7) erect 
scaffolding 


(6) erect main 
shutter 


(5) fix main 
reinforcement 


(4) strike kicker 
shutter 


(3) cast kicker 


(2) erect kicker 
shutter 


(1) fix starter bars 


| (6) provide fire 
'” protection 


k¢— (5) paint column 


<— (4) plumb and 


line column 
(2) build wall <—}— (3) erect column 
(1) erect (2) fix splice 
scaffolding plates or other 


connections 


(1) stop site work 
in vicinity of steel 
erection 


concrete column or wall masonry wall 


steel column 


Figure 1.1 Speed of erection compared with steel and concrete 
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5. ‘follow on’ trades 
start on floor below 


v 
4. erect next 1. erect slab 
lift of masonry shutter 
3. cast 2. fix 
slab reinforcement 


Figure 1.2 Sequence of masonry construction 


1.2 Examples of Structural Layout Suiting 
Masonry 


The masonry ‘spine wall’ (see Figure 14.36) can be used for 
office blocks, where precast prestressed concrete floor units 
can span up to 8 m onto the corridor walls or spine. Current 
thinking in office layout is that the depth of space from 
a window should be 6 m maximum for natural daylight to 
be enjoyed by the user. Coupled with energy costs for light- 
ing and air-conditioning costs, this form of layout has its 
advantages. Masonry structures also have a naturally high 
thermal mass aiding natural ventilation and reducing the 
need for air-conditioning. 


Large spaces in multi-storey structures can be achieved 
using columns of high strength bricks or blocks supporting 
concrete floors. Single-storey wide-span structures such as 
sports halls can be achieved by using cavity walls stiffened 
with brick piers, diaphragm walls and fin walls. Each of 
these forms provides the structure, the cladding, the base 
insulation and can be erected by the main contractor using 
one trade only. 


Pier-stiffened cavity walls are economical up to 5 m in 
height but, above that, diaphragm and fin walls are more 
suitable. The diaphragm wall (see Figure 13.1) has proved 
very satisfactory in a number of sports halls, gymnasia, 
swimming pools, factories, a church, a theatre, and several 
mass retaining walls designed by the authors’ practice. 


A diaphragm wall consists of two half-brick leaves separ- 
ated by a wide cavity stiffened by brick cross-ribs. The 
structural action is of a series of I or box sections. The 
cladding function is performed by the outer leaf, the insula- 
tion by and within the cavity, and the lining by the inner 
leaf. Many such buildings have been constructed in the 
north-west of England in varying weather conditions. 
They have suffered no distress and above all require little 
maintenance. Their design was chosen on its economic 
advantage. 


The fin wall (see Figure 13.41), which acts structurally as a 
series of connected T sections, has been found to be highly 
efficient for tall single-storey structures, and could well 
be found useful for multi-storey work — particularly for 
the column warehouse-type structure. The dramatic visual 
effect of fin walls can be pleasing. Fin walls readily lend 
themselves to post-tensioning. Both post-tensioned brick 
fins and diaphragm walls have been built up to 10 m high 


and, with the results of diaphragm wall research, it is evid- 
ent that post-tensioned fins and diaphragms could be built 
to an even greater height. 


Engineers will probably be interested in the simplicity 
of diaphragm and fin wall design, contractors will welcome 
the elimination of sub-contractors and suppliers, and archi- 
tects will welcome the wide choice of architectural treat- 
ments. Clients are likely to be pleased with good-looking 
buildings with lower heating costs, and which are durable 
and maintenance-free. Some cladding manufacturers pro- 
udly guarantee their products for a twenty-year life. Masonry 
can be guaranteed for a lot longer life and frequently its 
appearance improves with age. 


1.3 Reinforced and Post-tensioned Masonry 


Brickwork and blockwork, like concrete, have high com- 
pressive strength but relatively low tensile resistance. So, 
as with concrete, reinforcing and post-tensioning can be 
used to carry or relieve the tensile stresses. Reinforced 
brickwork has been used in India and Japan since the First 
World War and in America since the Second World War. 
In Britain reinforced and prestressed masonry is also used 
by structural engineers for structures such as retaining 
walls, tanks and footbridges. 


The authors’ practice was one of the earlier pioneers of 
post-tensioned masonry, particularly in low-rise structures 
such as schools and libraries where lateral wind loading 
produces excessive bending moments for traditional plain 
masonry. More recently the authors’ practice used a syn- 
thetic rope ‘Parafil’ as the prestressing tendon in a foot- 
bridge design. 


Current health and safety requirements, which limit the 
weight of any item that one person can regularly lift manu- 
ally to 20 kg, have led blockwork manufacturers to produce 
a greater range of dense concrete blocks with voids. These 
voids can be used to include reinforcing bars for a rein- 
forced masonry structure. 


1.4 Arches and Vaults 


Whole life costs, sustainability issues and aesthetics have 
led to a renewed interest in older structural forms, particu- 
larly the arch. Several highway arch bridges have been built 
for spans up to 15 m, producing an aesthetically pleasing 
form which requires little or no maintenance. The authors’ 
practice was instrumental in the construction of two pre- 
stressed flat arch pedestrian footbridges at Tring, Herts in 
1995. The arches were constructed vertically on site, pre- 
stressed and then lifted into place using a crane. This is a 
good example of prefabrication (see section 1.6). 


1.5 The Robustness of Masonry Structures 


Robustness is a requirement that all structural engineers 
must consider in their design work. It was previously 
implied in many structures which had a cellular form and 
in which elements were automatically tied to each other as 
a result of construction practice. The partial collapse of a 
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block of flats at Ronan Point in 1968 led to a change in Part 
A of The Building Regulations, which required structural 
engineers working on certain buildings to consider dis- 
proportionate collapse in their design. The requirement of 
clients and architects for lighter structures with cladding 
systems and open-plan layouts has led to further amend- 
ments to the The Building Regulations, Part A. The revised 
rules specify tying requirements and the building types 
which must now be designed to meet these rules. Careful 
design and consideration of these rules should not ad- 
versely affect the choice of masonry as a structural material. 


1.6 Prefabrication 


The recent initiatives in the construction industry such 
as Latham, Egan and the current ‘Best Practice’ initiative 
have made construction professionals think more about 
the whole practice of building procurement rather than just 
the specific requirement of each discipline. Construction is 
looked upon as a manufacturing process rather than an 
ad hoc process. There is a drive for the use of more pre- 
fabricated elements produced under factory conditions with 
greater quality control. The structural steelwork industry 
and the precast concrete industry already provide this 
facility. 


The Construction Design and Management (CDM) Regula- 
tions impose a duty of care upon a structural engineer to 
consider the safe construction and maintenance of any 
design proposal. Linking this requirement with the fact that 
the majority of fatalities in the construction industry are as 
a result of falling from height then the choice of structure 
ought to limit the time any person is working at height. 
Prefabrication is one way of achieving this. Many multi- 
storey structures are being clad using prefabricated panels 
of many materials such as glass, steel sheeting, pvc panels, 
to the detriment of masonry, which is a more sustainable 
material. Precast masonry panels have been used on struc- 
tures in the past but this is reducing with the insulation 
requirements specified in Part E of The Building Regula- 
tions. This is a pity since masonry has an aesthetic quality 
which improves with age. 


1.7 Future Tradesmen 


There is currently a deficit of 5% in qualified brick and block 
layers within the industry. This is expected to increase to 
7% in the short term. Construction’s answer may be to use 
the factory produced panels described above. 


1.8 Engineering Education 


At the beginning of the Victorian era, bricks were the 
main civil and structural engineering materials. Sir Marc 
Brunel used reinforced brick rings for the shafts of the 
Blackwall Tunnel. His son, Isambard Kingdom Brunel, 
used brick arches of over 100 ft span to bridge the Thames 
at Maidenhead. Stephenson carried out research into the 
compressive strength of brickwork when he was designing 
and building the Conway Bridge. Jesse Hartley made 
extensive use of structural brickwork in the construction of 
the superb Albert Dock in Liverpool, and Telford did the 
same in the elegant modernised St Katherine’s Dock in 
London. The Victorians used bricks to retain canal and rail- 
way cutting embankments, for aqueducts, tunnels and 
sewer linings, deep manholes and inspection chambers, 
road foundations, bridges, warehouses, cotton mills, fac- 
tories, railway stations, churches, houses — every conceivable 
type of building and engineering structure. 


However, the advent of steel and reinforced concrete, with 
their superior tensile and bending strength, marked the 
decline of structural brickwork. Engineers adopted the new 
materials with great enthusiasm and, since the end of the 
nineteenth century, the decrease in the use of structural 
brickwork has been so sharp that few, if any, engineering 
graduates can truely design in the material. 


Many university civil engineering courses do not teach 
structural masonry as part of structural design studies. 
However as long as graduates are competent in their 
understanding of stress, bending theory, slenderness ratio, 
reinforced and prestressed material theory and other struc- 
tural engineering principles, along with an awareness 
of construction details that will affect behaviour such as 
effective length of struts, then the detailed design should 
be learnt in practice. Undergraduate civil engineering 
programmes are being required to deliver a much broader 
curriculum than in the past and as a result few graduates 
can immediately design masonry structures. The graduates 
however should be able to produce preliminary designs 
for a masonry structure, based on structural engineering 
principles. 


Using masonry as a solution to a design problem will 
require the masonry industry from suppliers, structural 
engineers and contractors to rethink their approach to 
design and construction and to see the many opportunities 
that structural masonry offers clients, users and the general 
public. 


2 Advantages and Disadvantages of 


Structural Masonry 


The durability of masonry when used correctly is excellent. 
However, as with other materials, the proper use of masonry 
requires an understanding of its physical characteristics, its 
strengths and weaknesses, the methods of construction and 
the availability of various shapes and textures, together 
with relative costs. The advantages which follow are based 
on the proper use of masonry. 


2.1 Advantages 


2.1.1 Cost 


It is notoriously difficult to obtain accurate and compre- 
hensive costs for building elements — let alone completed 
buildings. Too often, costs reflect the current state of the 
building market, and nearly always provide only the cost 
of erecting the building, and not the long-term cost of the 
building over its life. 


The argument that masonry structures are labour intensive 
compared with steel or concrete, and are therefore, unecon- 
omical in a high wage situation, is not borne out by the facts. 
The experience of the authors’ practice has always been that 
where a masonry structure is appropriate, it has inevitably 
been cheaper than the other structural alternatives. 


The authors have found as follows: 


(1) Insteel and concrete frame structures, masonry or other 
materials are used to form partitions, staircases and cor- 
ridor walls, etc. In so many instances, if these partition 
and other walls are designed in loadbearing masonry 
they can be made to carry the loads and dispense with 
the need for columns and beams. 

(2) The general contractor can usually erect a masonry 
structure, whereas steel and some other materials 
normally require specialist sub-contractors. Experience 
has shown that generally the less the amount of work 
put out to sub-contractors, the lower are the construc- 
tion costs — always assuming, of course, that the job 
is within the overall capability of the main contractor. 
With masonry structures, not only is the number of 
sub-contractors reduced, but there is also a reduction 
in the number of site operations, trades and materials. 
The possibility of delays while awaiting fabrication is 
also overcome. 

(3) Masonry buildings tend to be faster to erect, resulting in 
lower site overhead costs. 

(4) The maintenance costs of masonry are minimal. 

(5) A high degree of fire protection, thermal and sound 
insulation, exposure protection, etc., is readily available 
within masonry buildings. Adding additional material 


such as cavity insulation and board finishes to the struc- 
ture provide the additional properties needed to meet 
the current regulations. 


The best way to determine the differences for a particular 
building is to design and cost compare an appropriate 
structure using the various structural possibilities, includ- 
ing masonry, ensuring that the most economical scheme 
has been chosen for each material. 


2.1.2 Speed of Erection 


This, as was noted in the Introduction (section 1.1), is one of 
the main advantages of masonry construction. Unfortun- 
ately, it tends to be underrated principally due, it would 
seem, to the widely held though erroneous assumption 
that because the prefabricated frame of a building can be 
erected to a high level in a short time, this must result in an 
early completion of the whole project. Frequently though, 
a steel frame suddenly appears on a site, rapidly rises to 
roof level, and then stands rusting away waiting for the 
follow-on trades to work their way through the building. 
Ignoring the fabrication time, it is true, of course, that a steel 
frame has a short site erection time. On the other hand, it 
should be appreciated that no other construction work can 
take place during the erection period. This is not the case 
with masonry structures, where other trades can quickly 
follow on thus achieving a faster overall construction time 
for the whole building. 


A masonry wall can easily be built in two days, and sup- 
port a floor load soon after. Compare this with an insitu 
reinforced concrete column where the time taken to fix 
reinforcement, erect shuttering, cast concrete, cure, prop, 
and then strike the shutter is often more than a week. 


In conclusion, it is worth pointing out that the speed 
of masonry construction is achieved without the same 
planning constraints that limit the application of system 
building. 


2.1.3 Aesthetics 


This should be mentioned, even though this aspect of 
building is not usually considered as being within the 
province of engineers. Certainly, many engineering courses 
do not bother to teach it. 


The aesthetic appeal of a building is a complex amalgam of 
many factors: form, massing, scale, elevational treatment, 
colour, texture, etc. Masonry provides the human scale, is 
available in a vast range of colours and textures, and, due to 
the small module size of bricks and blocks, is extremely 
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flexible in application in that it can be used to form a great 
variety of shapes and sizes of walls, piers, arches, domes, 
chimneys, etc. Masonry structures tend to wear well and 
mellow with time. In our climatic and environmental condi- 
tions, many other materials perform conspicuously less well. 


2.1.4 Durability 


The excellent durability of masonry is obviously a great 
advantage. Many historic buildings and engineering struc- 
tures provide living proof of this quality. It must be empha- 
sised again, however, that this considerable functional and 
environmental benefit applies only to properly designed 
masonry (see section 2.2, Disadvantages). Provided that 
masonry structures are designed and built with compe- 
tence and care, they should last much longer than their 
required life. 


2.1.5 Sound Insulation 


The majority of noise introduction is by airborne sound, 
and the best defence against this traditionally is mass — the 
heavier the partition, the less the noise transmitted through 
it. It is an added bonus if the mass structure is not too rigid. 
Brickwork and blockwork provides the mass without too 
much rigidity. However there are many lightweight wall 
systems also available, which perform better than the same 
thickness of masonry. Typical sound insulation values for a 
range of brick walls are given in Table 2.1. 


2.1.6 Thermal Insulation 


The good thermal properties of cavity walls have long been 
recognised and, more recently, have become critical in the 
attempts to conserve energy. Cavity walls and diaphragm 
walls can easily be insulated within the void to provide fur- 
ther improved thermal values. However, care is required 
in both the choice of external leaf which must resist rain 
penetration, insulation material and the details employed. 
Thermal insulation values for some typical masonry walls 
are shown in Table 2.2. 


2.1.7 Fire Resistance and Accidental 
Damage 


Charles II was no fool to insist on brick and stone buildings 
after the Great Fire of London in 1666. The Victorians lit 
fires in their mills and warehouses, yet these were surpris- 
ingly free from being burnt down. In the bombing of the 
Second World War, brick structures suffered less damage 
than steel or concrete buildings — which fact provides evid- 
ence of not only the high fire resistance of masonry struc- 
tures, but also of their inherent capacity to resist accidental 
damage (see Chapter 8). 


Brickwork and blockwork are incombustible and could not 
start or spread a fire. Masonry is rarely seriously damaged 
in fire; it does not buckle like steel, spall like reinforced con- 
crete or burn like timber. The Building Regulations 2004, 


Table 2.1 Typical sound insulation values of masonry walls 


Material and construction 


Thickness (mm) Weight (kg/m?) Approximate sound 


reduction index (dB) 


Brick wall plastered both sides with a minimum 
of 12.5 mm thick of plaster 


Brick wall plastered both sides with a minimum 
of 12.5 mm thick of plaster 


Type A concrete block. Wall plastered both sides with a 
minimum of 12.5 mm thick of plaster 


Cavity wall with outer leaf of brick not less than 100 mm thick and 


inner leaf of 90 mm thick solid Type A concrete. Wall plastered 
both faces with a minimum of 12.5 mm thick of plaster 


215 415 49.5 
102.5 220 46 
180 340 47 
250 (including 380 53 


50 mm cavity) 


Table 2.2 Typical thermal insulation values of masonry walls 


Construction and materials 


‘U' values external 
walls (W/m2 K) 


Minimum thickness (mm) 


Single leaf of bricks of clay, concrete or sand-lime 
Single leaf of bricks of clay, concrete or sand-lime 
Single leaf of Type A concrete blocks 
Single leaf of Type A concrete blocks 
Single leaf of Type B concrete blocks 


Cavity walls with outer leaf of bricks or blocks of clay, concrete 
or sand-lime not less than 100 mm thick and 
(a) inner leaf of Type A concrete blocks 
(b) inner leaf of bricks of clay, concrete or sand-lime 


327.5 1.5: 
215 2.0 
190 2.6 
90 3.0 
100 2.9 
100 1.7 
100 1.5 


Notes: All walls are unplastered. All materials have a 5% moisture content. 
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Table 2.3 Typical fire resistance values of masonry walls 


Construction and materials 


Minimum thickness (mm) Notional period of 


fire resistance (h) 


Bricks of clay, concrete or sand-lime 100 2 
Solid or hollow concrete blocks of Class 1 aggregate 100 2 
Solid concrete blocks of Class 2 aggregate 100 2 
Hollow concrete blocks, one cell in wall thickness of Class 1 aggregate 100 2 
Cavity wall with outer leaf of bricks or blocks of clay, concrete 

or sand-lime not less than 100 mm thick and 

(a) inner leaf of bricks or blocks of clay, concrete or sand-lime 100 4 

(b) inner leaf of solid or hollow concrete bricks or blocks of Class 1 aggregate 100 4 


Notes: All walls are unplastered. All walls are loadbearing. In the case of the cavity wall, the load is assumed to be on both leaves. 


Schedule 8, give the following fire resistance values for 
masonry shown in Table 2.3. 


2.1.8 Capital and Current Energy 
Requirements 


The staggering increase in oil prices during the 1970s con- 
centrated world attention on the energy crisis. It seems 
probable that the world will exhaust its fossil fuels by the 
middle of the 21st century, or soon after, by which time 
we can only hope that man’s ingenuity will have learnt how 
to extract energy from other renewable sources such as 
waves, the sun and wind. 


Over half the energy used in Britain and other western 
countries goes into the construction and running of build- 
ings. Cars, by comparison, consume a relatively insignifi- 
cant quantity of fuel. Of the total consumed by buildings, 
10-15% is used in constructing buildings (capital energy) 
and the remainder in running buildings (current energy). 
Masonry buildings in conjunction with concrete floors 
provide most of the thermal mass of the building helping 
keep them warm in winter and cool in summer. The bulk of 
the current energy goes in heating and smaller amounts in 
lighting, operating lifts, etc. It has been shown in a number 
of studies that brick structures require the lowest capital 
and current energy. 


2.1.9 Resistance to Movement 


In Britain we live in a substantially brick-built environ- 
ment, and it may certainly be claimed that loadbearing 
brickwork structures have been subjected to the most inten- 
sive full-scale testing, over a longer period, than any other 
present-day building material. The results are impressive, 
readily visible but, unfortunately, not very well documented. 


Wartime damage, mining settlement, earthquake move- 
ment and demolition have taught engineers a great deal 
about the behaviour of brickwork when subjected to large 
deformations. Buildings can often be seen undergoing 
demolition, or in areas severely affected by mining, con- 
taining deformations and cantilevered projections which 
would be extremely difficult to justify by calculation. 
Observations of such cases can teach us a great deal about 
the use of masonry where deformation is expected, and the 


part which mortar strength plays in controlling the cracking 
of masonry under such severe conditions. 


It is essential when using masonry not to use a mortar 
which is too strong, relative to the strength of the brick or 
block used in the wall. The mortar joints should always be 
the weak link, in order to retain any cracking within the 
numerous bed and perpendicular joints between bricks 
or blocks. A correct relationship between the mortar and 
the brick or block strengths will result in the total effects 
of the movement being distributed amongst numerous 
fine cracks. Such cracks are largely concealed and can 
be easily pointed over without becoming unsightly (see 
Appendices 2 and 3). 


Had the partially collapsed Ronan Point tower block 
been built in loadbearing masonry, it is unlikely that the 
disproportionate collapse requirements in the Building 
Regulations would exist. Ronan Point was a tower block 
constructed in the 1960s using a prefabricated system of 
building. The floors and supporting walls were joined 
together using a jointing system specifically for this type of 
construction. A gas explosion in a flat on one of the upper 
floors led to the supporting walls being destroyed and the 
floor collapsing on to the floor below. This resulted in that 
floor also collapsing and so on until the whole of one corner 
of the tower block had collapsed. The joints were con- 
sidered adequate for design wind loading but not robust 
for accidental damage such as the gas explosion. Progressive 
collapse would not have occurred if brickwork or block- 
work had been the major structural material, and damage 
would have been reduced. Current disproportionate col- 
lapse regulations have evolved since then and the current 
disproportionate collapse regulations can be accommod- 
ated by the designer of masonry buildings, and this is dealt 
with in more detail in Chapter 8. 


2.1.10 Repair and Maintenance 


Properly designed masonry requires little or no mainten- 
ance and is extremely economical in terms of maintenance 
costs. With reference to its use in areas of possible high 
deformation, such as mining areas, a well-designed build- 
ing will contain the majority of damage within the mortar 
and movement joints, and repointing of the masonry will 
repair most of the defects. 
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2.1.11 Ease of Combination with other 
Materials 


The main structural quality of masonry is its ability to resist 
compression forces. However, this does not prevent its use 
in locations where bending and tension conditions have to 
be resisted. In most situations, sufficient precompression 
exists to prevent tension occurring, and in areas where this 
is not the case, post tensioning, reinforcing or composite 
action can be used to provide the combined use of masonry 
with high-tensile resisting materials to overcome the prob- 
lem of high-tensile stresses. This is dealt with in more detail 
in Chapter 15. 


The ability of masonry to act compositely with other 
materials has long been known, but not fully exploited by 
engineers. Demolition and building contractors continually 
take advantage of brickwork’s true abilities, based on their 
experience, and it is unfortunate that many engineers are, if 
anything, lagging behind the more practical man. 


2.1.12 Availability of Materials and 
Labour 


The normal module size of bricks and blocks and the ready 
availability of their raw materials means that they can be 
mass produced in many locations and stocked in standard 
sizes. Modern transportation and packaging enable speedy 
delivery of bulk supplies of bricks and blocks, and reduce 
the number damaged in transit to a minimum. Similarly, 
the materials used in mortar are available in many locations 
and are easily transported. 


Being a well-established trade, skilled bricklayers are norm- 
ally available in most areas. Early discussions with the 
tradesmen on the site regarding the structural requirements 
will result in a proper understanding of the constructional 
and engineering needs. The inspection of completed work 
can be made immediately — an advantage over concrete 
which only tends to reveal its defects when the shutters 
are struck. 


2.1.13 Recyclability 


Masonry units can be recycled for future use in new con- 
struction, or crushed and used for hardcore/fill material 
in new construction. Masonry units can be expected to 
perform well for at least 60 years if not longer and there- 
fore care needs to be exercised if using reclaimed units. 
Reclaimed units can be affected by sulphates, be flawed as a 
result of the reclamation process, be of variable strength 
and have a variable appearance. The cost of reclaimed units 
is only slightly lower than the cost of new units, since the 
reclamation process is costly. The use of reclaimed units on 
new construction is therefore limited. 


2.2 Disadvantages 


2.2.1 Lack of Education in Masonry 


This was referred to in section 1.8. However, there seems 
justification for mentioning it again, since it must be re- 
garded as a genuine disadvantage at the present time. 


The many uses to which masonry can be put, the wide 
range of materials and material behaviour, and the great 
strides forward in the structural use of masonry, require the 
backing of a good sound education to prevent misuse and 
to ensure the maximum economy and efficiency in design 
and construction. Unfortunately, education has been lag- 
ging behind in developments, and this has left the construc- 
tion industry in a situation where it cannot fully exploit 
masonry’s capabilities until it is geared up to the techniques 
and applications. 


This essential gearing up applies as much to an attitude of 
mind as to anything else. Industry must get rid of the atti- 
tude that masonry is an old-fashioned out of date material, 
and encourage modern philosophy. 


Running parallel to a new philosophy must be a willing- 
ness to learn from the past. The advantage of durability, for 
example, must not be taken for granted, since no material 
is proof against poor design or bad workmanship. Consider 
the case of a parapet wall, badly built with absorbent 
masonry, inadequate mortar and no protective coping. 
Such a wall will become saturated and suffer from frost 
damage during the first severe winter. Yet the experienced 
designer can design a suitable wall which will survive its 
intended life without trouble. The durability of masonry 
depends on the quality of design and construction, and 
these, in turn, depend upon suitably educated and experi- 
enced designers and construction operatives. 


2.2.2 Increase in Obstructed Area over Stee! 
and Reinforced Concrete 


Although masonry units can be obtained with extremely 
high crushing strengths, the design compressive strengths 
of masonry walls are generally lower than for steel or rein- 
forced concrete. It follows, therefore, that for a particular 
loading condition, masonry will require a greater cross- 
sectional area. 


In locations where large unobstructed areas are required, 
this can create problems which might make masonry unac- 
ceptable. It should be noted, however, that careful design 
and detailing can frequently produce an acceptable and 
economical scheme for many applications, and masonry 
should not be completely ignored for buildings requiring 
large unobstructed areas (see Chapter 9). 


2.2.3 Problems with some Isolated Details 


Like many other materials, masonry can give rise to prob- 
lems in the achievement of satisfactory isolated details. For 
example, fair-faced masonry often creates local detailing 
difficulties (see Figure 2.1). These apparently minor prob- 
lems require care and forethought if a satisfactory result is 
to be achieved. In the case of detail (a), differential move- 
ment of the two leaves must be allowed for if the brick face 
to the slab is to remain (see Appendix 3). In the case of detail 
(b), reinforced brickwork or a suitably combined lintel 
can overcome the problem and, in the case of (c), bricks 
manufactured to tight tolerances can be obtained, and these 
should be specified. 
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Figure 2.1 Vertical cross-sections 


2.2.4 Foundations 


Since one of masonry’s main advantages over concrete is 
that it does not require expensive shuttering, it follows that 
in situations where shuttering is reduced to a small percent- 
age of the cost, the competitive use of concrete comes into 
its own. Foundations come into this category, and masonry 
will generally be found inferior to concrete in situations 
where the soffit and sides of the excavations form, in effect, 
the majority if not all of the shuttered faces. 


brickwork over 
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aS 


rc beam flat soffit 


opening 


reinforced concrete beam 


Figure 2.2. Masonry over opening 


2.2.5 Large Openings 


In situations where large openings are to be formed and a 
level soffit is required, reinforced concrete or steel beams 
are generally found to be the most economical means of 
support. They can be combined with the composite action 
of any masonry above and unless fair-faced masonry is 
a particular requirement for the soffit of the support, they 
will usually provide a more economical solution than the 
masonry alternative. 


It must be pointed out, however, that where the soffit can be 
in the form of an arch, and where the horizontal reactions 
from such a form can be accommodated, masonry may 
prove more economical (see Figure 2.2). 


2.2.6 Beams and Slabs 


The use of masonry in situations where the dead weight of 
the material is the major portion of the load, and where a 
level soffit support is required, can often be uneconomical, 
and most beam and slab situations fall into this category. 


The merits of masonry should nevertheless be considered 
for each individual scheme, taking into account recent 
changes in material costs and construction methods, and 
from this point of view, situations may well arise where 
the use of reinforced or post-tensioned masonry can be 
exploited. 


2.2.7 Control Joints 


In some forms of masonry construction, the need for 
relatively close spacing of the control joints necessary to 
prevent cracking from the effects of shrinkage and/or 
expansion can be difficult to accommodate, due to struc- 
tural, visual and other constraints (see Figure 2.3). It should 
be remembered, however, that masonry is often required 
for partition walls when an independent structure is 
employed, and the introduction of a frame in a different 
material can often cause an even greater problem from dif- 
ferential movement. 


2.2.8 Health and Safety Considerations 


Figures produced by the Health and Safety Executive show 
that the majority of fatal accidents on construction sites 
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Figure 2.3. Plans on walls showing unacceptable control joints 


arise from persons falling from height or persons being hit 
by objects falling from a height. 


The Construction Design and Management (CDM) Regula- 
tions impose a requirement on engineers to design struc- 
tures which can safely be constructed and maintained. 
This requirement applies to all aspects of the structure. The 
engineer therefore has to consider whether there is a safer 
option for a proposed building than one using masonry, 
remembering that masonry construction involves persons 
working at height for longer periods than say for pre- 
fabricated elements such as proprietary cladding systems 
and steelwork frames. There is also the added hazard of 
masonry units falling from a height during construction. 
The requirement for mortar to be transported to the upper 


floors of a building during construction also adds to the 
hazard of items falling from a height. 


The third most common cause of accidents is tripping, and 
the use of masonry units on construction sites can pose a 
tripping hazard. 


Regulations on manual lifting of objects now limit the 
maximum weight that is permissible for one person to lift 
to 20 kg. This limit is therefore restrictive to larger masonry 
units such as traditional concrete blocks greater than 
100 mm thick. Concrete block manufacturers have over- 
come this problem by producing hollow block units, but 
this requires filling the voids in most cases, which increases 
the construction time at height. 


3 Design Philosophy 


U/2 U/2 


> 
+= 
> 


JAN 


load W 


Ld 


Yj - (tension) 
load W+U — (resulting tension) 


+ (compression) 


load U 


condition A 


Figure 3.1 High axial load versus low axial load 


The main underlying aim should always be to keep the 
solutions simple, to see that the construction methods and 
the effects of the design upon them are carefully consid- 
ered, and to ensure that the design is based upon masonry 
as a material in its own right, and not simply as a variation 
on the design of concrete structures. 


3.1 Strength of Material 


To exploit the structural potential of any material, it is 
essential to understand its strengths and weaknesses. 
Masonry is strong in compression and weak in tension and, 
in order to use the material economically, engineers must 
exploit the strength and overcome the weakness. 


Consider the critical loading conditions for the material, 
two examples of which are indicated in Figure 3.1. 
Condition A is a masonry wall at a cross-section where only 
a small downward load, W, exists at a time when a large 
uplift force, U, is applied. Condition B is a masonry wall ata 
cross-section where only a small downward load, W, exists 
at a time when a large bending moment, M, is applied. 
In both cases the resulting stress in part or whole of the 
cross-sections will be tensile and, therefore, critical to a 
simple masonry form. 


an 
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load W UZ + (compression) 
moment M 
— (tension) 

+ (compression) 
W+M 
— (tension) : 

+ (compression) 


condition B 


Consider next the further critical loading condition indi- 
cated in Figure 3.2. Condition C is a slender masonry wall 
subjected to a large axial load. In this case, the load which 
the wall can carry is severely restricted by the wall’s tend- 
ency to buckle, and the condition is therefore critical to the 
proper exploitation of the material. 


3.2 Exploitation of Cross-section 


In the case of condition A (Figure 3.1), there are a number 
of methods of solving the problem. One is to increase the 
dead loading above the level considered. This can often be 
achieved by changing the construction, for example, roof 
structures can often be changed to a heavier form, but it is 
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Figure 3.2 Slender wall 
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Figure 3.3 Typical strapping details 
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Figure 3.4 Post tensioning application 


important to check that this results in the most economical 
overall cost. 


Alternatively, strapping or tying the elements, to which the 
uplift is applied, down to a level where sufficient dead 
weight exists to satisfy the safety requirements can be con- 
sidered (see Figure 3.3 for typical roof strapping details). 
The use of concrete capping beams and/or post tensioning 
rods can also be used to ‘anchor’ down these forces (see 
Figure 3.4). 


In the case of condition B (Figure 3.1), there are a number of 
engineering approaches which can produce different but 
competitive solutions. For example, consider the stress at 
the cross-section. It is made up of two components, W/A 
and M/Z where: 


W=axial load 

A =area of cross-section 
M=applied bending moment 
Z =section modulus. 


Let the stress be f, then: 
f = W + M 
A Z 


It can be seen that to exploit the material, compressive 
stresses rather than the tensile stresses are required, ie. a 
higher value of W/A than M/Z. 


Assume that W and M are fixed values, then it is desirable 
to have a large Z value relative to the area A of the cross- 


concrete capping beam 


joist fixed to 
wallplate 


wallplate 
strapped to 
brickwork 


post-tensioned rod 
built into foundations 


po 


section, ie. a large Z/A ratio. This can be achieved by 
positioning the material to produce an increased section 
modulus for a similar area, e.g. diaphragm, fin wall or other 
geometrical section (see Figure 3.5). This, when compared 
with, say, a normal cavity wall gives increased Z/A ratios 
(see comparison in Table 3.1). It can be seen that with little 
increase in area, above the area of a normal cavity wall con- 
struction, massive increases in section modulus and hence 
Z/A ratio can be achieved. It should be noted that the 
sections being considered are all simple sections designed 
to take into account the method of construction and mater- 
ial being used — essential factors if real economy is to be 
achieved. 


Considering again the two components of the stress 
make-up, i.e. W/A and M/Z, it can be seen that another 
method of increasing the value W/A would be to artificially 
increase W. The old method of doing this would be to add 
mass by increasing the amount of masonry, i.e. thickening 
the wall. However, an increase in the value of Wcan also be 
achieved by post-tensioning (see Figure 3.6). 


This method produces extra compressive stresses in the 
brickwork which must then be cancelled out before any 
tension can be developed, thereby helping to keep the brick 
stresses at an acceptable level. Again the post-tensioning is 
kept simple by using large diameter rods rather than cables 
and applying the force by means of a simple threaded rod 
and nut bearing on to an endplate. The force is then 
applied, to the required value, by tightening the nut to the 
specified torque (see Figure 3.6). 


12 Structural Masonry Designers’ Manual 


Table 3.1 Comparison of properties of various wall types 
Wall Area, A (m2) Section modulus Z x 10-3 (m3) Z Proportional Proportional 
(minimum value for fin wall) A increase in area . . 
increase in — 
A 
260 mm cavity wall 0.205 3.50 0.017 1.0 1.0 
Diaphragm wall 0.245 52.49 0.214 1.2 12.6 
Fin wall 0.307 26.40 0.086 1:5 5.1 


Notes: Assuming fin centres at 3.0 m‘/, and Z value of effective fin only is used. Values relate to the equivalent of 1 m length of each 


wall type. 
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Figure 3.6 Prestressed section 


Now consider condition C — axial loading (Figure 3.2). The 
ability of the wall to support vertical loading is restricted 
by its tendency to buckle, and again there are a number of 
ways of overcoming the problem. The most obvious is to 
thicken up the wall, but in many situations this is not the 
most economical solution and the engineer should consider 
other possibilities. 


The stiffness of the section depends on the ratio of: 


effective height or length 
effective thickness 
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effective height or length 
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forces involved 


ie. L/t or L/r, depending on how the slenderness ratio or 
section properties are expressed. As in all struts, the greater 
the slenderness ratio the weaker the strut, and it is advis- 
able in exploiting the material to reduce the slenderness 
ratio whenever economically possible. There are two ways, 
therefore, of reducing this factor. One is to improve the 
effective thickness or radius of gyration, and again this 
can be achieved by using a diaphragm or fin form (see 
Figure 3.5). 


Alternatively, a reduction in effective length would have 
a similar effect and extra restraint from essential building 
elements should be considered. For example, if a substan- 
tial suspended ceiling or a ceiling which could be econom- 
ically braced to provide restraint were in the close vicinity 
of the wall, then extra restraint could be provided assuming 
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Figure 3.7 Restraint by suspended ceiling 


that the sequence of construction and sequence of load- 
ing are coordinated (see Figure 3.7). This would reduce 
the effective height. A further consideration would be to 
make use of a reduced effective length in plan, possibly 
by changes in the construction of intersecting partitions etc. 
(see plan in Figure 3.7). 


These solution can often be achieved much more economic- 
ally than by increasing the thickness of the wall. The above 
solutions bring in the exploitation of essential building 
elements which can also help the conditions previously 
considered as explained below. 


3.3 Exploitation of Essential Building 
Elements 


Consider again condition B and the two components W/A 
and M/Z. It has already been shown that improving Z rela- 
tive to A and/or increasing W reduces the tensile stresses, 
but a further possibility would be to reduce the applied 
bending moment M. This condition now brings into con- 
sideration the overall building stability and how best to 
exploit the building elements to produce the most econom- 
ical structure. For example, consider the simple plan shape 
of the single-storey sports hall building which has an open 
plan and simple flat roof, shown in Figure 3.8. Assume that 
a uniformly distributed wind loading in kN/ m? is applied 
in the direction of arrow A. The walls could be designed 
as pure cantilevers, with a maximum bending moment 
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of wL?/2. Assume that this was the condition at the cross- 
section considered under condition A in Figure 3.1. 


Methods of exploiting the materials at the cross-sections 
only have so far been considered. For economical solutions, 
there is a need to exploit all essential building elements. In 
the building shown in Figure 3.8, it can be seen that the 
walls best able to resist the wind forces from the direction 
of the arrow A are the end walls X and Y. In addition, by 
inspecting the section in Figure 3.8, it can be seen that the 
roof element, if suitably stiff and adequately fixed, could 
prop the tops of the walls to which the wind is applied and 
span as a horizontal girder (or plate) between walls X and 
Y, transferring its loading as a reaction to the tops of these 
walls. Walls which resist such reactions are often termed 
‘shear walls’. 


Consider again the applied bending moments in the out- 
side wall, which is now propped at roof level, and it will be 
found that the maximum bending moment is wL?/8 which 
is '/4 of the previous value (see Figure 3.9). 


This exploitation of essential elements applies to all build- 
ing forms, particularly when considering wind forces and 
restraint conditions. Take the case of a multi-storey build- 
ing subject to wind forces. Again, the elements on which 
the wind is directly applied are usually the outer cladding 
walls, which have their weakest axis at right angles to the 
wind direction (see Figure 3.10). It can been seen that the 
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Figure 3.8 Typical sports hall 
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Figure 3.10 Plan of building subject to wind load 
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Figure 3.11 Composite reaction between ground beam and wall 


walls best able to resist these forces are the internal cross- 
walls, the gable walls and the vertical shafts forming 
the stairs and lifts. In addition, it can be seen that the floor 
and roof elements could be economically designed to act as 
horizontal girders spanning between theses vertical wall 
elements and reducing the bending moments on the outer 
cladding walls toa minimum. 


The advantage of using masonry for these forms of con- 
struction is that while they provide the essential cladding 
and dividing walls, they can also act as the structure — thus 
changing elements which would normally be required 
to be supported on a structural frame into the supporting 
elements. Moreover, the load from a structural masonry 
form tends to be more uniformly distributed and, therefore, 


at foundation level, there is less need to spread the load to 
reduce the bearing pressure. This makes for economies 
where strip, pad or raft foundations are employed. 


In cases where a piled, or pier and beam, foundation must 
be used, masonry can also produce advantages since com- 
posite action between the ground beam and the masonry 
can reduce greatly the sizes of foundation beams required 
(see Figure 3.11). The ground beam is designed taking into 
account the interaction between the masonry and the 
reinforced concrete (rc), which gives the beam a greatly 
increased lever arm over that of the rc beam acting alone. 


Taking a broader view of the approach to design, it is 
important that engineers are involved in the architectural 
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and planning design layout and proposals at the earliest 
opportunity. For example, in the case of multi-storey build- 
ings the stiffness of the structure and the distribution of 
bending stresses depend greatly on the overall layout of the 
building. In a similar manner to the exploitation of the wall 
section, the overall plan of a building can often be designed 
to satisfy both the architectural requirements and provide a 
high Z/A ratio to resist wind forces. 


The use of “T”, ‘L’ and other plan configurations, can greatly 
enhance masonry’s lateral load resistance (see Figure 3.12), 
as can the positioning of stairs and lift shafts. 


While, from a structural point of view, the ideal layout 
for multi-storey structures should repeat on every floor, it 
is not, as some engineers think, essential if loadbearing 
masonry is to be used. In the same way that a concrete 
framed structure contains beams to pick up walls over, the 
masonry structure can also accommodate beams support- 
ing loadbearing masonry above. While it should always be 
the designer’s aim to provide repetitive plans for loadbear- 
ing walls, the masonry structure can still prove competitive 
for more flexible layouts. 


For some buildings, the plan layout at ground floor level 
has to be varied from the upper floors — there is often a need 
fora much more open plan at this level, requiring minimum 
intrusion from the structural supports. Many engineers 
would, under such circumstances, rule out loadbearing 
masonry completely and introduce a framed solution for 
the whole structure. In practice, however, a podium con- 
struction can often be adopted combining, say, a reinforced 
concrete frame up to first floor level and loadbearing 
masonry structure from first to roof (see Figure 3.13). This 
form of construction has proved very economical for many 
schemes designed by the authors’ practice. 


The approach of many engineers to the problem of 
multi-storey structures is to first consider the most suitable 
locations for column supports and the most economical 
material with which to frame up the building. All too fre- 
quently, they fail to realise the possibilities of a loadbearing 
masonry solution. 


From the authors’ experience, loadbearing masonry is so 
economical and competitive that this should be considered 
first before contemplating a concrete or steel frame solu- 
tion. But, as was stated at the very beginning of this chapter, 
it is essential that the proposals are kept simple and prac- 
tical, and based on the use of masonry as a structural 
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Figure 3.13 Podium construction 


material in its own right. This, after all, is no different from 
the requirements for other forms of construction. Steel 
and concrete frames behave differently from masonry, are 
constructed differently and should be designed differently. 


For example, concrete and masonry are similar to the extent 
that they are both strong in compression and weak in ten- 
sion. Nevertheless, this provides no grounds for supposing 
that a similar design approach may be adopted. The two 
materials are very different: 


(a) Concrete tends to shrink, whereas some masonry tends 
to expand. 

(b) Concrete is easily reinforced or pre-tensioned, while 
masonry is more easily post-tensioned. 

(c) Thin prestressing tendons are usually required for con- 
crete, whereas large diameter post-tensioning rods are 
more suitable for masonry. 

(d) Concrete behaves similarly in all directions, whereas 
masonry behaves differently according to the direction 
of the stress to the bedding planes. 


The variations are enormous. Hence, the design approach 
must be completely different. In particular, it is important 
not to overlook the methods of construction, since these 
constitute a major difference. The authors recommend that 
unless the reader has a good knowledge of building con- 
struction, he or she should do further reading of reliable 
construction text-books. 


More detailed information relating to many aspects of this 
chapter is covered under appropriate headings in subse- 
quent chapters of this book. 


4 Limit State Design 


At the design stage of a structure, it is not possible to pre- 
dict accurately the loadings which will act on the structure 
during its planned life. Nor is it possible to define precisely 
the behaviour of a structure under these loadings, or to 
predict with certainty the strength of the materials which 
combine to form the structure. It is necessary, therefore, for 
the engineer to introduce factors of safety to be used for any 
given load and material. It is necessary to first define the 
meaning of the word ‘satisfactory’ when related to the use 
of the structure. 


Obviously, one criterion for the design of the building 
is that it should not fall down, but there are other condi- 
tions which need to be examined. The structure should 
be readily useable by the occupants, as well as visually 
acceptable in the long term as well as the short. It should 
not excessively deflect or crack, and should be sufficiently 
durable to maintain its initial condition. There are other cri- 
teria which may be applicable to certain structures includ- 
ing, for example, resistance to fire, explosion, impact and 
vibration. 


In the past, there have been two basic methods of applying 
a factor of safety to the design of structures. Both methods 
have involved the introduction of a single factor to cover all 
the uncertainties mentioned above, in order to ensure the 
stability and safety of the structure. The first method, and 
the one commonly used in the past, is permissible stress 
design. This involves determining the ultimate stresses for 
the materials involved, and dividing these by a factor of 
safety to arrive at a permissible or working stress. The sec- 
ond is the load-factor method which involves multiplying 
the working loads by a factor of safety and using the ulti- 
mate stress of the materials. 


Both these techniques have their faults. The former is based 
on elastic stresses, and is not strictly applicable to plastic 
or semi-plastic materials such as masonry. The latter is 
applied to loads and does not take into account variations 
in materials. Both have the disadvantage of applying one 
factor of safety to cover all conditions of materials, loading, 
workmanship, and use of structure, thus preventing adjust- 
ments where one item is, perhaps, of a higher or lower 
standard than normal. 


Limit state design is an attempt to consider each item more 
closely so as to enable a more accurate factor of safety to be 
applied in the design, and depends upon the case being 
considered. This is achieved by breaking down the overall 
factor of safety used in the design into its various com- 
ponents, and then placing a specific factor - known as a 
‘partial factor of safety’ — on that component for a given 


condition. It is thus possible to build up an overall, or 
‘global’, factor of safety from these individual factors. 


The global factor of safety may be divided into two groups: 


Group1_ The factor of safety to be applied to the materials 
and to the workmanship used in the construc- 
tion of the structure. 


Group 2 The factor of safety to be applied to the loads 
in the overall structure and the consequences of 
failure. 

Group 1 


The factor of safety for materials and workmanship will be 
based on the probability of the material failing to reach 
its expected strength. In reinforced concrete, for example, 
there are two basic components. One is steel, which is man- 
ufactured in a factory with a high degree of control over its 
production, and the probability of an inferior piece of steel 
is moderately low. However concrete is made from natural 
materials which are mixed together on site, or at a batching 
plant, where the degree of control is relatively reduced. In 
addition, the placing of the concrete will affect its overall 
strength and, since this is done by unskilled or semi-skilled 
labour, the degree of control is further reduced. 


The materials used in basic structural masonry are: (a) the 
structural units which are manufactured from natural clays 
or concrete or stone, and (b) mortar which is made up of 
cement, sand, water and a plasticiser — usually lime. The 
quality control of the structural units could be likened to 
that of steel, with controlled sampling of the product from 
the production line. It is also possible to check the strength 
of a randomly selected unit, or group of units, by means of 
load tests which will give a reasonable indication of the 
strength of the units actually used. This is an advantage 
over concrete in that the method of testing concrete is to 
manufacture a cube which may not be cured in the same 
manner as the actual concrete used on site. Masonry units 
are, therefore, products over which there is reasonable con- 
trol and some limit to the probability of failure. 


Mortar presents a different problem. Although it is manu- 
factured from similar materials to concrete, on many sites 
there is less control over the mixing of the ingredients, 
which is generally done in smaller batches than concrete, 
and there is only limited control over the placing of mortar. 
Therefore, there is a greater probability of failure. However 
on larger sites, where the contractor is able to establish a good 
site organisation, and material testing does not become dis- 
proportionately expensive, it is possible to exercise a higher 
degree of control over the production of masonry. Thus it is 
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advantageous to vary this partial factor of safety on the 
design of brickwork from site to site. It becomes necessary, 
therefore, to assess at an early stage the degree of quality 
control to be expected on site, and thus the partial factor to 
be used. 


Group 2 


The second group of factors is applied to the loadings to 
be used in the design of the structure. These factors are 
introduced to take account of inaccuracies in the assumed 
design loading, errors in the design of the structure, con- 
structional tolerances and the consequences of failure. 
The dead weight of the structure may be determined rea- 
sonably accurately, but the superimposed loading is much 
more difficult. It is also not possible to predict accurately 
the probability of overloading of the superimposed load, 
and it is therefore necessary to use a higher factor of safety 
for superimposed loading than dead loading. 


It is also advantageous to adjust the factors of safety for dif- 
ferent combinations of loadings. It is unlikely, for example, 
that overloading of the dead, superimposed and wind 
loads would all occur simultaneously, and thus the factors 
are adjusted for various combinations of loading. 


The assumptions and theories used in the design of the 
structure will not precisely fit the way in which the build- 
ing acts. Similarly, inaccuracies during the construction of 
the structure will vary the actual conditions from those 
assumed in the design. The consequences of failure of the 
structure vary considerably, depending upon the type, 
use and location of the building. For example, the effects of 
failure of a shopping centre or a grandstand are quite dif- 
ferent from those of site temporary works such as shutter- 
ing to a concrete beam. 


It is thus possible to build up an overall factor of safety from 
those in Group 1, which are applied to the materials, and 
those from Group 2, which are applied to the loading used 
in the design of the structure. However, it is also necessary 
to vary safety factors depending upon the condition being 
investigated and designed. When checking the ultimate 
failure of a structure, it is obviously necessary to use a 
higher factor of safety than when checking the deflection of 
a beam. Thus the partial factors of safety must be adjusted 
according to the limit state being considered. The following 
examples should illustrate the point. Consider the follow- 
ing two cases: in each case the partial factors of safety are 
indicative and not taken from any specific British Standard 
Code of Practice. 


Example 1 


A skip of loose bricks is to be hoisted over a busy shopping 
street. The skip weighs 1 kN and can carry approximately 
5 kN of bricks, and is to be suspended from a steel rope of 
ultimate tensile stress 260 N/mm2. Since the rope is of mild 
steel, and to be used in town, it may be assumed that high- 
quality steel is available and the partial factor of safety in 
this material may be taken as 1.15. (Reinforced concrete 
design to BS 8110 has a factor of safety for steel reinforce- 
ment bars of 1.05.) 


The skip is to be filled with loose bricks and could easily 
be overloaded and, as it passes over a busy shopping 
street, the consequences of failure could be serious. The 
partial factor of safety on the loading should therefore 
be taken as 1.4 of its dead load, which is not likely to be 
increased, and 1.8 on the live load which is liable to 
increase. Thus: 


Designloading =(1x1.4)+(5x1.8) 
=10.4kN 
2 
Design steel stress = ae = 226 N/mm? 
3 
Area of rope 2 denen 
226 


Example 2 


This is a similar problem to Example 1, but with the bricks 
in pre-packed units of actual weight 5 kN and passing over 
a non-navigable river. High quality steel is not available. So 
an increased material factor of safety of 1.5 should be used. 


The bricks are in pre-packed units of known weight and 
overloading is less probable. In addition, the consequences 
of failure are not serious, merely the loss of the bricks. The 
partial factor of safety on the loading should be taken as 1.3 
on the dead load and 1.5 on the live load. Thus: 


Designloading =(1x1.3)+(5x1.5) 
=8.8kN 
2 
Design steel stress = - =173 N/mm? 
3 
Area of rope = SOA in? 
173 


The factors used in masonry are explained further in 
Chapters 5 and 6. 


5 Basis of Design (1): Vertical Loading 


This and the succeeding chapter provide a basic design 
method based on limit state principles, and explanations of 
the requirements of BS 5628 as they relate to actual design. 
In later chapters, detailed examples will be given of the 
design of elements and complete structures. It will be seen 
from these examples that BS 5628 does not have universal 
application or provide a solution to all problems, and that 
the basis of design set out here must be extended to solve 
the less straightforward problems. 


Asa structural material, masonry is required to resist direct 
compression, bending stresses and shear stresses. Masonry 
is strongest in compression, and this characteristic will be 
the starting point in establishing the basis of design. Con- 
sideration will first be given to walls and columns acting in 
compression. 


In the introduction to limit state principles (Chapter 4), it 
was shown that the aim of the design process is to ensure 
that the design strength of the particular element under 
consideration is greater than, or equal to, the design load 
the element is required to resist. The design strength of 
an element is a function of the characteristic strength of the 
masonry and the relevant partial factors of safety on the 
materials. This is expressed mathematically as f(f,/Y)- 
The design load to be resisted is a function of the charac- 
teristic load and the partial factors of safety applicable to 
loads. This is expressed mathematically as f(y,F,.). 


Thus the aim of the design process may be expressed by the 
formula: 


(“| 2 fF) 
Y 


m 
where 


, = characteristic compressive strength of masonry 
Ym= Partial factor of safety on materials 
F,,= characteristic loading 
Y;= partial factor of safety for load 
f is a mathematical function involving the symbols in 
parentheses. 


5.1 Compressive Strength of Masonry 


A wall or column carrying a compressive load behaves like 
any other strut, and its loadbearing capacity depends on the 
compressive strength of the materials, the cross-sectional 
area and the geometrical properties as expressed by the 
slenderness ratio (see Figure 5.1). 


The compressive strength of a wall depends on the strength 
of the units used, the bricks or blocks, and the mortar. The 


design load 


loadbearing 
capacity 


— 


slenderness strength of cross-sectional 
ratio materials area 


effective height and 
effective thickness 


bricks/ mortar quality 
blocks control 
site and 
manufacture 
Figure 5.1 Factors affecting the compressive strength 


of masonry 


assessment of the combined strength of these elements 
will also be affected by the degree of quality control exer- 
cised in manufacture and construction. The slenderness 
ratio, in turn, depends upon the effective height (or length, 
as will be seen later) and the effective thickness of the wall 
or column. 


5.2 Characteristic Strength and 
Characteristic Load 


The terms ‘characteristic strength’ and ‘characteristic load’ 
have already been used. These occur frequently in limit 
state design, and should be explained. They derive from the 
statistical methods used to analyse a number of different 
results. 


If, when considering the compressive strength of a number 
of bricks, the values of compressive strength are plotted 
graphically against the number of bricks reaching each 
specified strength, then a distribution curve is obtained 
(see Figure 5.2). This graph shows most of the results to be 
close to one particular value, with a fewer number of results 
(samples) at greater or lower strengths. If a sufficiently 
large sample is taken, then the distribution curve can be 
approximated to the ‘normal’ or Gaussian distribution (see 
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Figure 5.2 Plot of brick strength 
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Figure 5.3. Gaussian distribution 
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Figure 5.4 Probability of brickwork strength 


Figure 5.3). The peak of this curve corresponds to the 
‘mean’ strength of the samples, and the area beneath the 
curve (defined as unity) represents probability. The area 
under the curve to the left of the vertical line, at any value of 
compressive strength, represents the probability that any 
result will have a strength less than that being considered. 
Figure 5.4 shows that the probability of any brick or block 
having a strength of less than x is 0.05, ie. 1 in 20 of the 
bricks or blocks will have a strength less than x. 


The ‘standard deviation’ of a set of results is the term used 
to quantify how narrow a range the results cover. Standard 
deviation, is defined mathematically as: 


(=) 
o= ——— 
n-1 


Le. it is the square root of the sum of all the differences 
between each result and the mean, multiplied by itself and 
divided by the number of differences. The values of stand- 
ard deviation may be plotted on the normal distribution 
curve (see Figure 5.5). 


Thus to obtain a value of strength above which a certain 
proportion of the results will probably lie, it is only 
necessary to take the mean strength and add or subtract 


no. of tests —» 


-o +0 
strength —» 


Figure 5.5 Normal distribution curve 


a certain fraction of the standard deviation. Therefore, if it 
is required that not more than 1 in 20 of the results should 
fail, in order to achieve a required factor of safety, then 
the strength corresponding to this value can be defined in 
terms of: 


(mean strength) — K x (standard deviation) 


where K is the relevant factor corresponding to the 1 in 
20 limit, which is 1.64 from published probability tables. 


The value of the strength so obtained is termed the charac- 
teristic strength. 


Characteristic strength = (mean strength) 
— 1.64 x (standard deviation) 


Similarly, the values of flexural and shear strength may be 
obtained. 


The characteristic strength of masonry in compression, 
shear, tension, etc., as defined in BS 5628, is the value of 
strength below which the probability of test results failing 
is not more than 5%, i.e. 1 in 20. Note however that BS EN 
771, Part 1 allows for the use of category II units, which do 
not meet this requirement (see Appendix A). 


Ideally, the dead and imposed loadings should be based on 
similar statistical concepts. At present, however, insuffici- 
ent data are available to express loads in statistical terms. In 
practice, the values given in appropriate British Standards 
are used as follows: 


(a) Characteristic dead load, G,. The weight of the struc- 
ture complete with finishes, fixtures and permanent 
partitions. This is taken as being equal to the dead load, 
as defined and calculated in accordance with BS 6399: 
Part 1. 

(b) Characteristic imposed load, Q,. The imposed load as 
defined in and calculated in accordance with BS 6399: 
Part 1. 

(c) Characteristic wind load, W,. The wind load calcu- 
lated in accordance with BS 6399: Part 2: 1997. 


The characteristic load, as defined in BS 5628, is ideally the 
load which has a probability of not more than 5% of being 
exceeded where the load acts unfavourably, that is, for 
example, if the load were likely to cause overstressing. 
Where the load may be providing stability, e.g. restraining 
a cantilever beam, it is acting favourably and it is defined as 
the load which has a probability of at least 95% of being 
exceeded (see BS 5628, clause 22). 
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(d) Nominal earth and water load, E,,. The worst credible 
earth and water lateral loads should be obtained in 
accordance with BS 8002. Other lateral loads used other 
than worst credible earth and water lateral load should 
be obtained in accordance with current practice. 


5.3 Partial Safety Factors for Loads, ¥; 


Inaccuracies are likely to arise in practice due to errors in 
design assumptions, errors in calculations, the effect of con- 
struction tolerances, possible load increases and unusual 
stress redistribution. Such errors are taken into account by 
applying a partial factor of safety, y,, to the characteristic 
loads, so that: 


Design load = characteristic load x partial factor of safety 
=G,X¥;4+ QL + WX ¥5 
where 


G, = characteristic dead load 
Q,.= characteristic imposed load 
W,, =characteristic wind load. 


The partial factors applied to each type of loading vary 
according to the accuracy of the estimation of that loading. 
For example, the characteristic dead load may be assessed 
more accurately than the characteristic imposed loading. 
This is reflected in the 1.4 partial safety factor applied to the 
dead load, and the 1.6 factor applied to the imposed load- 
ing. However, it should be noted that where the imposed 
loading may be more accurately assessed, e.g. a water- 
retaining structure, it would be reasonable to adjust the 
partial safety factor. 


The partial factor of safety takes into account the import- 
ance of the limit state being considered, the accuracy of the 
estimate of the loadings and the probability of the load 
combination. It does not account for gross errors in design 
calculations or faulty construction. 


The partial factors of safety given in BS 5628, Part 1 are 
shown in Table 5.1. 


Table 5.1 


Example 1 


The characteristic loads (from BS 6399) for a floor used for 
offices are: 


(a) characteristic dead load, G, = 3.0 kN/m? 
(b) characteristic imposed load, Q, = 2.5 kN/ m? (offices 
for general use) 


Determine the design load. 


Design load = G,y;+ Qy¥¢ 
= (3.0 x 1.4) + (2.5 x 1.6) 
=4.2+4.0 
=8.2kN/m? 


Loads on walls from uniform continuous floor and roof 
slabs are normally calculated on the assumption that the 
beams and slabs are simply supported by the walls. 
However, the structural designer should check that this is a 
satisfactory assumption. 


5.4 Characteristic Compressive Strength of 
Masonry, f, 


The characteristic compressive strength of masonry 
depends upon: 


(a) the characteristic strength of the masonry unit 
(b) mortar designation 

(c) the shape of the unit 

(d) whether the work is bonded or unbonded 

(e) thickness of the mortar joints 

(f) the standard of workmanship. 


(a) Units 


Typical characteristic strengths of masonry units are given 
in Table 5.2. The specification for masonry units BS EN 771, 
Part 1 is performance based and therefore does not provide 
characteristic strengths, although it does not prohibit the 
use of standard strengths in member nations (see Appen- 
dix A). BS EN 771 specifies units in terms of materials 


Partial factors of safety on loadings for various load combinations (BS 5628, clause 22) 


Loaded combination 


Limit state — ultimate 


Dead Imposed Wind Earth and water 

Dead and imposed 1.4G, or 0.9G,, 1.6Q,. 1:2E2 
Dead and wind 1.4G, or 0.9G,, the larger of 1.4W, or 0.015G, 1.4E@ 
Dead and wind - freestanding 1.4G, or 0.9G,, the larger of 1.2W, or 0.015G, 

walls and laterally loaded 

panels whose removal would 

in no way affect the stability 

of the remaining structure 
Dead, imposed and wind 1.2G, 1.2Q, the larger of 1.2W, or 0.015G, 1.2E@ 


? The authors would add a note of caution when using these specific partial safety factors applied to earth pressures. Earth 
pressures are the most difficult loads to predict and these values should only be used where there is a high degree of confidence 


in the calculated earth pressures. 
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Table 5.2 Compressive strength of masonry units 


Compressive strength of unit (N/mm?) 


Bricks Blocks 
5.0 2.8 
10.0 3.5 
15.0 5.0 Typical structural units 
Typically available values 20.0 7.0 
27.5 10.0 
35.0 15.0 Blocks of these strengths may not be readily available 
50.0 20.0 | 
70.0 35.0 
100.0 


Table 5.3. Requirements for mortar (BS 5628, Part 1) 


Mortar Type of mortar (proportion by volume) Mean compressive 
designation strength at 28 days 
(N/mm?) 
Cement : Masonry : Cement : sand Preliminary Site tests 
lime : sand cement:sand_ with plasticizer | (laboratory) 
tests 


Increasing Increasing ability 

strength to accommodate 
movements, e.g. (i) 1:0to 4:3 - - 16.0 11.0 
due to settlement, | (ii) 1:%2:4to4/2 1:2V2to3¥2 1:3to4 6.5 45 
temperature and (iii) 1:1:5to6 1:4to5 1:5to6 3.6 2.5 
moisture changes (iv) 1:2:8to9 1:5¥2to6/2 1:7to8 1.5 1.0 


Increasing resistance to frost attack during 
construction 


~< 


do 
Improvement in bond and consequent 


resistance to rain penetration 


Note: Direction of change in properties is shown by the arrows 


rather than as brick or block, e.g. clay unit or aggregate con- 
crete masonry unit. This conflicts with BS 5628 which still 
refers to brick and block units. 


(b) Mortar 


The designated grades of mortar given in BS 5628, Table 1, 
are provided in Table 5.3. 


(c) Unit Shape 


It has been found by experiment that, for a given unit 
strength, the larger the individual units which comprise the 
wall or column under consideration, the higher the strength 
of the resulting construction. This is reasonable when it is 
realised that the joints in properly designed masonry should 
be the weakest point of any construction, and the larger the 
units the fewer the number of mortar joints. 


(d) Bond 


The values quoted in the tables which follow (Tables 5.4, 
5.5, 5.6 and 5.7), based on BS 5628, Table 2, are for ‘normally 


bonded masonry’. This is taken to mean stretcher bond 
for single-leaf walls, and Flemish or other equivalent bond 
for greater than single-leaf walls. It would appear that, 
provided one of the established bond patterns is adopted, 
variations in bond have little effect on the comparative 
strength of the wall or column. 


(e) Joint Thickness 


The main structural role of the mortar in masonry construc- 
tion is to provide a bedding between the units to ensure 
the uniform transfer of compressive stress. As stated previ- 
ously, the mortar joint is the weakest element of masonry 
construction. Generally, the thicker the joints, the weaker 
the resulting structure. The conventional joint thickness is 
10 mm. Reasonable variations on this thickness will not 
usually be critical but thicknesses in excess of 13 mm are 
generally unacceptable. However, the evenness and line of 
the mortar joints provide a good guide to the quality of 
workmanship and, in the case of face work, are of aesthetic 
importance. 
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(f) Standard of Workmanship 


This, perhaps, is the most important factor to be considered 
because it can affect all the items listed previously. Control 
of the unit manufacture, under factory conditions, may be 
fairly sophisticated, but control of workmanship on site is 
far more difficult. Account is taken of the possible vari- 
ations in workmanship in the partial factors of safety. This 
will be discussed later in this chapter. 


5.4.1 Brickwork 


Table 5.4 gives the characteristic compressive strength, f,, 
of normally bonded brickwork constructed with standard 


format bricks. The values quoted are for walls constructed 
under laboratory conditions, tested at an age of 28 days 
under axial compression in such a manner that the effects of 
slenderness (see later) may be neglected. Linear interpola- 
tion within the table is permitted, and Figure 5.6(a) may be 
used for this purpose. 


Where solid walls or the loaded inner leaf of a cavity wall 
are constructed in standard bricks with a thickness equal 
to the width of a single brick, the values of f, obtained 
from Table 5.4 may be multiplied by 1.15. These enhanced 
values of f, for so-called narrow brickwork have been com- 
puted and are given in Table 5.5. This increase is based on 


Table 5.4 Characteristic compressive strength of masonry, f,: standard format bricks (BS 5628, Table 2(a)) 


Mortar designation 


Compressive strength of unit (N/mm?) 


5 10 15 20 27.5 35 50 70 100 
(i) 2:5 4.4 6.0 7.4 9.2 11.4 15.0 19.2 24.0 
(ii) 2:5 4.2 5.3 6.4 7.9 9.4 12.2 15.1 18.2 
(iii) 25 4.1 5.0 5.8 aA 8.5 10.6 13.1 15.5 
(iv) 2.2 3:5 4.4 5.2 6.2 ye 9.0 10.8 12.7 
Table 5.5 Characteristic compressive strength of masonry, f,: narrow walls — standard format bricks (i.e. 1.15 x 
Table 5.4 values) 
Mortar designation Compressive strength of unit (N/mm?) 

5 10 15 20 27.5 35 50 70 100 
(i) 2.9 5.0 6.9 8.5 10.6 13.1 17.3 22.1 27.0 
(ii) 2.9 4.8 6.1 7.4 9.1 10.8 14.0 17.4 20.9 
(iii) 2.9 4.7 5.8 6.7 8.2 9.8 12.2 15.1 17.8 
(iv) 2.5 4.0 5.0 6.0 7.1 8.4 10.4 12.4 14.6 
Table 5.6 Characteristic compressive strength of masonry, f,: narrow walls — modular bricks 
Mortar designation Compressive strength of unit (N/mm?) 

5 10 15 20 27.5 35 50 70 100 
(i) 3.1 5:5 75 9.3 11.5 14.3 18.8 24.0 30.0 
(ii) 3.1 5:3 6.6 8.0 9.9 11.8 15.3 18.9 22.8 
(iii) 3.1 51 6.3 7.3 8.9 10.6 13.3 16.4 19.4 
(iv) 2.8 4.4 5:5 6.5 7.8 9.1 11.3 13.5 15.9 
Table 5.7 Characteristic compressive strength of masonry, f,: modular bricks 
Mortar designation Compressive strength of unit (N/mm?) 

5 10 15 20 27.5 35 50 70 100 
(i) 2.8 4.8 6.6 8.1 10.1 12:5 15.5 21.1 26.4 
(ii) 2.8 4.6 5.8 7.0 8.7 10.3 13.4 16.0 20.0 
(iii) 2.8 4.5 5.5 6.4 7.8 9.4 11.7 14.4 17.0 
(iv) 2.4 3.9 4.8 5.7 6.8 8.0 9.9 11.9 14.0 
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Figure 5.6(a) Characteristic compressive strength, f,, of brick masonry (see Table 5.4) 


experimental results and relates to the absence of a vertical 
mortar joint parallel with the face within the thickness of 
the wall. 


Interpolation for classes of loadbearing bricks not shown 
on the graph may be used for average crushing strengths 
intermediate between those given on the graph. 


With walls constructed in modular bricks (see Appendix 1), 
the values of f, from Table 5.4 may be multiplied by 1.25 
for narrow walls, as noted above, and 1.10 for a greater 
thickness of wall. The Code quotes these values as being 
applicable only for 90 mm wide and 90 mm high modular 
bricks complying with the requirements of BS 6073: Part 1, 
or as detailed in DD 34 or DD 59. These enhanced values of 
f, for modular bricks have been computed and are given in 
Tables 5.6 and 5.7. 


These standards have now been replaced by BS EN 771, 
Part 1, which is a performance specification. Designers 
should check with manufacturers if the units meet the 
requirements of the previous standards. 


Where bricks are used which do not comply with the stand- 
ard format or modular requirements, the values of f, 
should be obtained from wall tests carried out in accord- 
ance with the procedures given in BS 5628. 


Guidance on the choice of appropriate mortars is given in 
Appendix 1. 


Example 2 


Determine the characteristic compressive strength of brick- 
work constructed with standard format bricks of unit com- 
pressive strength 15 N/ mm? anda1:1:6 mortar. 


From Table 5.3, the mortar designation is (iii) and referr- 
ing to Table 5.4 the characteristic compressive strength 
f,=5.0 N/mm?. 


5.4.2 Blockwork 


When a wall is constructed in blockwork, the increased size 
of the units means that there are fewer joints than an equi- 
valent wall built with bricks of the standard format. As the 
joints are generally the weakest part of a wall, a reduction in 
the number of joints per unit length or height of wall results 
in an increased compressive strength for a given strength of 
unit and mortar. The characteristic compressive strength of 
blockwork thus depends more on the shape factor of the 
units, that is the ratio of unit height to least horizontal 
dimension (see Figure 5.7). 


The compressive strength also varies depending on 
whether the units are solid or hollow (see Appendix 1). 


Values for the characteristic compressive strength of walls 
constructed with blocks having a shape factor of 0.6 are 
given in Table 5.8. Values for hollow block walls with a 
shape factor between 2.0 and 4.0 are given in Table 5.9, and 
for solid block walls with similar shape factors in Table 
5.10. Linear interpolation within the tables is permitted, 
and Figures 5.6(b) and 5.6(c) may be used for this purpose. 


For values of f, with units of shape factors between 0.6 and 
2.0, interpolation should be made between Tables 5.8 and 
5.10 depending on whether solid or hollow blocks are being 
used. 


When hollow blocks are used and completely filled with 
insitu concrete with a compressive strength, at the appro- 
priate age, of not less than that of the blocks, they should be 
treated as solid blocks as noted above. The compressive 
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Table 5.8 Characteristic compressive strength of masonry, f,: blocks having a ratio of height to least horizontal 
dimension of 0.6 (BS 5628, Table 2(b)) 


Mortar designation Compressive strength of unit (N/mm?) 

2.8 3.5 5.0 7.0 10 15 20 235 
(i) 1.4 1.7 2.5 3.4 4.4 6.0 74 11.4 
(ii) 1.4 1.7 2.5 3:2 4.2 5.3 6.4 9.4 
(iii) 1.4 1.7 2.5 3.2 4.1 5.0 5.8 8.5 
(iv) 1.4 1.7 2.2 2.8 35 4.4 5.2 7.3 


Table 5.9 Characteristic compressive strength of masonry, f,: hollow blocks having a ratio of height to least 
horizontal dimension of between 2.0 and 4.0 (BS 5628, Table 2(c)) 


Mortar designation Compressive strength of unit (N/mm?) 

2.8 3.5 5.0 7.0 10 15 20 235 
(i) 2.8 3.5 5.0 5.7 6.1 6.8 75 11.4 
(ii) 2.8 3.5 5.0 5.5 5.7 6.1 6.5 9.4 
(iii) 2.8 3.5 5.0 5.4 5:5 5.7 5.9 8.5 
(iv) 2.8 3.5 4.4 4.8 4.9 5.1 5.3 7.3 


Table 5.10 Characteristic compressive strength of masonry, f,: solid concrete blocks having a ratio of height to least 
horizontal dimension of between 2.0 and 4.0 (BS 5628, Table 2(d)) 


Mortar designation Compressive strength of unit (N/mm2) 
2.8 3.5 5.0 7.0 10 15 20 235 
(i) 2.8 3.5 5.0 6.8 8.8 12.0 14.8 22.8 
(ii) 2.8 3.5 5.0 6.4 8.4 10.6 12.8 18.8 
(iii) 2.8 35 5.0 6.4 8.2 10.0 11.6 17.0 
(iv) 2.8 3.5 44 5.6 7.0 8.8 10.4 14.6 
12- 


mortar designation (i) 


10 SS 
r designation (ii) 


r designation (iii) 


r designation (iv) 


characteristic compressive strength of masonry (N/mm?) 
fop) 


0 1 
0 5 10 15 20 25 30 35 40 
compressive strength of unit (N/mm?) 


Figure 5.6(b) Characteristic comporessive strength, f,, of block masonry constructed of blocks having a ratio of 
height to least horizontal dimension of 0.6 (see Table 5.8) 
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Figure 5.6(c) Characteristic compressive strength, f,, of block masonry constructed of hollow blocks having a ratio 
of height to least horizontal dimension between 2.0 and 4.0 (see Table 5.9) 


strength of the hollow block should be based on the net area 
of the block and not the gross area. It will be seen in 
Appendix 1, dealing with materials, that the compressive 
strength of blocks is based on the gross area of the block for 
blocks tested in accordance with BS EN 772, Part 1. 


Example 3 


Determine the characteristic compressive strength, f,, of a 
wall constructed in hollow blocks (as shown in Figure 5.8) 
of compressive strength 7 N/mm, if the blocks are filled 
with concrete having a 28 day compressive strength equal 
to that of the blocks and a mortar designation (iii) is used. 


Strength of infill concrete: 


Unit strength 7 N/mm“ based on gross area 
which in terms of crushing load per block 


, 1 
= crushing strength x gross area X io 


_ 7 x 80000 


Tc 


Therefore, 


crushing strength of unit based on net area 


_ load x 10° 
net area 


560 x 10° 


=11.2 N/mm? 
50 000 


Therefore strength of concrete >11.2 N/ mm, say, grade 15 
mix to BS 8110. The infilled block thus becomes equivalent 


to an 11.2 N/mm? solid unit for purposes of determining 
the f, value. 


Shape factor of unit = eight 
least horizontal equation 
— 200 4 
200 


The value of f, is then obtained by interpolation between 
Tables 5.8 and 5.10. 


Assuming a 10 N/ mm? unit for simplicity, from Table 5.8, 

f, =4.1 N/mm’; for mortar designation (iii) (shape factor 
0.6) and from Table 5.9, f, = 8.2 N/ mm/?; for mortar designa- 
tion (iii) (shape factor 2.0—4.0), therefore for a shape factor 
of 1, 


(8.2 —4.1) x (1.0 -0.6) 


=4.14 
fa (2.0—0.6) 


=5.3N/mm?2 


5.4.3 Natural Stone Masonry and Random 
Rubble Masonry 


BS 5628 recommends that natural stone masonry should be 
designed on the basis of solid concrete blocks of an equiva- 
lent compressive strength. Construction with natural stone 
masonry of a massive type with large well-dressed stones 
and relatively thin joints has a compressive strength 
more closely related to the intrinsic strength of the stone. 
Working stresses in excess of the maximum value quoted 
in the previous tables may be allowed in massive stone 
masonry, as described, provided the designer is satisfied 
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200 mm 


A 


shape factor = 200 / 100 =2 


/ 


100 mm 


Figure 5.7 Unit dimension ratios 


200 mm gross area = 400 x 200 


= 800 m? 

nett area =gross area — openings 
= 80 000 — (2 x 150 x 100) 
= 50 000 mm? 


Figure 5.8 Hollow unit example 


that the properties of the stone and the method of wall con- 
struction warrant the increase. 


Asa guide, the Code suggests that the characteristic strength 
of random rubble masonry may be taken as being 75% of 
the corresponding strength of natural stone masonry built 
with similar materials. However, the structural design of 
stone masonry and random rubble walling requires great 
care, and designers should obtain detailed information on 
the particular design and construction methods for the type 
of wall being considered before attempting any detailed 
analysis. 


5.4.4 Alternative Construction Techniques 


The values for characteristic compressive strength quoted 
in the previous sections were for bonded masonry and thus 
do not necessarily apply where the method of construction 
varies from ‘normal’. 


For aesthetic or other reasons, structural units may be laid 
other than on their normal bed faces, e.g. brick-on-edge or 
brick-on-end construction. The characteristic compressive 
strength in such an instance is obtained from the tables 
quoted, but using the compressive strength of the unit as 
determined for the appropriate direction. 


With reference to Figure 5.9, the characteristic strength of 
masonry for brick-on-end construction as in (A) is deter- 
mined from Table 5.4 using the compressive strength of the 
unit obtained by testing the bricks as shown in (B). 


As explained in Appendix 1, the compressive strength 
of hollow blocks and perforated bricks is determined by 


direction of applied 
loading 


basic strength to be 
determined using characteristic B 
strength by testing units as 


shown in fig B 
Figure 5.9 Brick on-end construction 


strips of mortar on 
outer edges of 
block only 


Figure 5.10 Shell bedding 


dividing the load at failure by the gross plan area of the 
unit. This is done so that the calculation of the strength of 
walls of solid and hollow units may be carried out in an 
identical manner, i.e. load x plan area of wall. However, 
where walls are constructed of hollow units, and some- 
times when using perforated bricks, the units are laid with 
mortar on the two outer edges of the bed face only. This is 
termed shell bedding (see Figure 5.10). 


In walls constructed in this way, the characteristic com- 
pressive strength should be obtained in the normal manner, 
but the design strength of the wall should be reduced by 
the ratio of the bedded area to the gross area of the block 
(see Figure 5.11). The design strength of the wall is thus 
equal to the f, obtained from Tables 5.8, 5.9, 5.10, as appro- 
priate, multiplied by a factor equal to the bedded area 
divided by the gross area. Thus the characteristic compres- 
sive strength of the shell bedded wall 


2Lxt 
Lxb 


=f 


where f,, = characteristic compressive stress determined in 
accordance with section 5.1. 


Basis of Design (1): Vertical Loading 27 


| IC 


|| mortar joint 


bedded area = 2L xt 
gross area of block =L xb 


Figure 5.11 Bedded area to gross area 


5.5 Partial Safety Factors for Material 
Strength, ¥,, 


The degree of care exercised in the control of the manufac- 
ture of the units and in the construction of the masonry 
affects the design strength of the wall, column, etc. The 
characteristic strength of masonry has to be divided by a 
partial safety factor to obtain the design strength. The partial 
safety factor depends on the degree of quality control on 
manufacture and construction. The factor also depends on 
whether the masonry is subject to compression loading 
or lateral loading. BS 5628 recognises two categories of 
control, namely ‘normal’ and ‘special’. 


5.5.1 Manufacturing Control (BS 5628, 
clause 27.2.1) 
(a) Normal Category 


This category is used when the supplier can meet the com- 
pressive strength requirements of the appropriate British 
Standard. 

(b) Special Category 


This category is used when suppliers can meet a specified 
strength limit (known as the ‘acceptance limit’) when not 
more than 2.5% (as opposed to the 5% in section 5.2) of the 


Table 5.11 


Ym for compression 


test results will fall below the acceptance limit, and also 
when the supplier’s quality control scheme can satisfy the 
buyer that the acceptance limit is consistently met. This 
may be assumed where the unit manufacturer complies 
with the following two quality control procedures: 


(a) The units supplied are to have a specified strength limit 
termed the ‘acceptance limit’ for compressive strength, 
such that the average compressive strength of a sample 
of units from any consignment selected and tested 
in accordance with the appropriate British Standard 
Specification has a probability of not more than 2.5% 
of being below this acceptance limit. Thus for any 
particular unit, the specified strength limit, i.e. the 
‘acceptance limit’, may be set for example at 7 N/mm”. 
Therefore, in any sample of these units, the strength 
must only have a 1 in 40 chance of falling below this 
acceptance limit. 

(b) A quality control scheme must be operated to show 
that the requirements of (a) are consistently satisfied. 
The results of the quality control scheme should be 
made available to the purchaser or his representative, 
ie. the designer. 


5.5.2 Construction Control 


(a) Normal Category 


This category is assumed in design when the construction 
complies with the workmanship recommendations given 
in Annex A of BS 5628: Part 3, 2001 (which incorporates 
BS 8000-3 2001) or BS 8000, and the work is appropriately 
supervised and inspected. 


(b) Special Category 


This category is assumed in design when the requirements 
for normal category are complied with and in addition: 


(a) The specification, supervision and control ensure that 
the construction is compatible with the use of the 
appropriate partial safety factors given in Table 5.11. 
This means in prestressed work that similar care in 


Partial factors of safety on materials (BS 5628, Table 4a and 4b) 


Category of construction control 


Special Normal 
Category of manufacturing control Special 2.5 3.1 
Normal 2.8 3.5 
Ym for flexure 
Category of construction control 
Special Normal 
Category of manufacturing control Special 2.5 3.0 
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specification, supervision, control and inspection is 
given to structural masonry as to high-grade concrete. 

(b) Preliminary and regular mortar compressive strength 
tests in accordance with Appendix A of BS 5628 show 
that the mortar complies consistently with the strength 
requirements of Table 5.3. 


The partial safety factors on material strength are tabulated 
in Table 5.11. These values do not vary for ultimate or ser- 
viceability limit state design, but may vary when consider- 
ing the effects of misuse or accident (see Chapter 8). 


Example 4 


Determine the design strength of the brickwork in Example 
2 (section 5.4.1) if the manufacturing and construction con- 
trols are normal category. 


f,, (characteristic compressive strength) 


Design strength = 
7 6 Ym(Partial safety factor for materials) 
(v,, is for compression) 
aol N/mm? 
3.5 
= 1.43 N/mm? 
Example 5 


Determine the design strength of the brickwork in Example 
2 (section 5.4.1), the manufacturing control is normal and 
the construction control is special category. 


Design strength = = N/mm? 


(y,, is for compression) 


=1.78 N/mm? 


5.6 Slenderness Ratio 


Slender masonry walls and columns under compressive 
loading are likely to buckle in the same way as concrete, 
steel or timber columns in compression. It is therefore, 
necessary to determine the masonry wall’s or column’s 
slenderness ratio in order to relate a failure in buckling to 
the compressive load-carrying capacity of a wall or column. 


The slenderness ratio (SR) of masonry walls or columns is 
defined in BS 5628 as: 


effective height (orlength) hh, or  [¢ 


effective thickness tog 
(The term ‘effective’ is dealt with later.) The effective length 
should be used where this gives the lesser SR. 
Example 6 


A wall has an effective height of 2.25 m and an effective 
thickness of 102.5 mm. Determine its SR. 


effective height 


effective thickness 


2 2250 -9 
102.5 


This concept is satisfactory for walls and other sections 
which are rectangular on plan. However, it is difficult 
to apply to other geometrical configurations. The Code 
gives no guidance for such instances, but, for diaphragm 
and fin walls, guidance is given in the relevant sections 
of this book. 


The slenderness ratio is a measure of the tendency of a 
member under compressive loading to fail by buckling 
before failure by crushing occurs. The greater the slender- 
ness ratio, the greater the tendency for the member to fail by 
buckling, and thus the lower the loadbearing capacity of 
the member. 


BS 5628 (clause 28.1) generally limits the slenderness ratio 
to not greater than 27. However, in the case of walls less 
than 90 mm thick in buildings of more than two storeys, 
this value should not exceed 20. This exception to the gen- 
eral rule should be interpreted as meaning thin walls which 
are continuous for more than two storeys. 


5.7 Horizontal and Vertical Lateral 
Supports 


The effective heights and effective lengths used to deter- 
mine the slenderness ratio of an element are determined 
from the actual height or length, which is then modified, 
depending on the restraint conditions, i.e. the manner in 
which the member is restrained from buckling by adjacent 
members. The support provided by adjacent members will 
generally be at right angles to the member and is thus 
termed a ‘lateral’ support. In the case of the slenderness 
ratio being determined from the effective height, the lateral 
supports (such as floors and roofs) at right angles to the 
member are acting in a horizontal plane, and are thus 
termed horizontal lateral supports. 


In the case of the slenderness ratio being determined from 
the effective length, the lateral support at right angles to the 
member are acting in a vertical plane, and are thus termed 
vertical lateral supports, as illustrated in Figure 5.12. 


To be considered as a lateral support for the purposes 
of assessing the effective height, or length, the lateral sup- 
port should be capable of transmitting to the supporting 
structure (i.e. the walls or other elements providing lateral 
stability to the structure as a whole) the sum of the follow- 
ing forces: 


(a) the simple static reactions to the total applied design 
horizontal forces at the line of lateral support, and 

(b) 2.5% of the total design vertical load (dead plus im- 
posed) that the wall, or other element, is designed to 
carry at the line of lateral support. 


Example 7 


For the wall shown in Figure 5.13, determine the loading 
on the support at mid-height for this to be considered as a 
horizontal lateral support. (It is assumed in this example, 
but unlikely in practice, that the foundation and roof over 
are incapable of providing horizontal lateral support.) 
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loading 


ci 


section through wall 


wall restrained from buckling by support at 


right angles to wall ie horizontal lateral 
support such as floor slab indicated 


‘profile of wall indicating tendency 
‘to buckle under compressive 


A Z 


reduced tendency 
to buckle 


profile of wall indicating 
tendency to buckle 


wall restrained from buckling 


<i 


by supports perpendicular to 
wall ie vertical lateral support 
such as return walls indicated 


reduced tendency 


plan views 


Figure 5.12 Buckling restraints 


vertical load = 
(1.2G, + 1.2Q,) kN/m 


A 


wind loading (W,) 


B 
= 1.2 kN/m2 prep 


Figure 5.13 Restraint example 


Horizontal lateral support must be capable of resisting: 
(a) simple static reactions, i.e. 
1.2W, xh=1.2WAkN/m 
plus 
(b) 2!/2% of total design vertical load, i.e. 
2.5 


— x (1.2G, + 1.2Q, + self-weight of wall 
me from A to B) KN/m 


to buckle 


Note: 


(i) The wind loading is capable of reversal, and thus in 
practice, both a prop and a tie are required. The dead 
load and imposed load are also reversible. 

(ii) The loading on the prop from the wind must be trans- 
ferred via floors, walls, etc., to the foundations. 


5.7.1. Methods of Compliance: 
Walls —- Horizontal Lateral Supports 


There are many methods of providing horizontal lateral 
supports, some are given in BS 5628 and will be described 
later. The Code separates several forms of support which 
are defined as providing ‘enhanced’ resistance to lateral 
movement. The remainder only provide ‘simple’ resistance 
to lateral movement. The details suggested in the Code 
for simple restraint are given in Figure 5.14. Those details 
providing ‘enhanced’ restraint are defined as follows and 
illustrated in Figure 5.15: 


(a) Floors or roofs of any form of construction which span 
on to the wall, or other element, from both sides at the 
same level. 
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bel te in theory, in houses up to 
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im ruth A joist spacing is not greater 
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min ta. min t. _ is 90 mm min. In practice 


‘L’ strap twisted 
through 90° with 
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Figure 5.14(a) Timber floor bearing directly on to wall 


LJ tL hanger to be tight 
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alternative strap 
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1 in houses up to three storeys 
no straps required, provided 
that the joist is effectively tied 
to the hanger 


Figure 5.14(b) Timber floor using typical joist hanger 


depth to suit joist, 
(usually 5 mm less 
than joist depth) 


fixing holes to 
suit ten gauge 
nails (3.25 mm) 


Figure 5.14(d) Typical joist hanger as tie: nailed form 
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lS 
CI 
Gl : 
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Figure 5.14(f) Insitu concrete floor abutting external 
cavity wall 


may be 
LJ tJ constructed 
oo in concrete floor screed 
L_] 


Figure 5.14(h) Precast units abutting external cavity 
wall 


alternative strap however straps are usually 


positions provided 


c 


HOU 
oma 


hanger to be tight 
up against wall 


john 
i 


joist hanger details are shown 
in Figures 5.14(d) and 5.14(e) 


Figure 5.14(c) Timber floor using nailed or bolted joist 
hangers acting as a tie 


depth to suit joist, 
(usually 5 mm less 
than joist depth) 


fixing holes to 
suit ten mm 
diameter bolts 


Figure 5.14(e) Typical joist hanger as tie: bolted form 
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Figure 5.14(g) Beam and pot floor abutting external 
cavity wall 
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Figure 5.14(j) Timber floor abutting external cavity 
wall 


LIE] 
L__| | 300 mm min 
i 
“A 
= inh to three st t 
. in houses up to three storeys no straps are 
CI] double joist hangers to CI required provided that the joist is effectively 
Figures 5.14(d) and 5.14(e) fixed to the hanger 
cl at appropriate centres, with L-| such fixing can be assumed if joist hangers 
typical hangers in between | to Figures 5.14(d) and 5.14(e) are provided 
at no more than 2 m centres with typical 
Figure 5.14(k) Timber floor using double joist hanger hangers in between 


Bern ees Figure 5.14(Il) Timber floor using typical joist hanger 


|__| L__| 

[IL] packing to be provided at | floor screed 

[|__| _ strap positions and to be 

[_|L_] secured to joist SS 
L__| 


Fol blocking or strutting KH 
between joists at strap rd 

LIL] 

easel 


Oo positions 
[ 


straps to be carried over 
at least two joists 


‘ : pee Fi 5.14 Insitu fl butting int | wall 
Figure 5.14(m) Timber floor abutting internal wall aoe fey: HiiSttUn DOr aeuielng Intetnahwa 


|__| L__| 

may be constructed LILI floor screed may be constructed LIL] __ floor screed 

in concrete an in concrete [| 

Naf 
= Cb i Cc 2s =) Vj Cb — cs 
Fo beam or filling = unit or filling tight 
i tight against wall — against wall 
LILI LIL 
rd 
Figure 5.14(p) Beam and pot floor abutting internal Figure 5.14(q) Precast units abutting internal wall 


wall 


direction of L___] direction of 
span _LILJ © span | structural [J] 
oc precast units ‘ = screed \ = 
~ 000000] ILC bbe 
[+E] >|, + 
LIL] floor or roof, any Sth to 
[___| form of construction [| bearing > the [| 
LILI | greater of t/2 CI 
or 90 mm 
enhanced resistance (a) 
pala 
insitu concrete ae ra 
| 


slab 


LIE] 
L__| . i 
| timber floor | 
= id epee straps required 
L] 
L__| 
LIL] 


= Oo 
c = <> as in Figure 5.14(a) 
bearing > the a 22 
[| 
LILI 
P| 


greater of > 90 mm min 
t/2 or 90 mm 


spanning in any direction (b) 


Figure 5.15 Details providing ‘enhanced’ resistance 
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(b) An insitu concrete floor or roof, or a precast concrete 
floor or roof, giving equivalent restraint, irrespective 
of the direction of span, having a bearing of at least 
one half the thickness of the wall, or other element, or 
90 mm, whichever is greater. 

(c) For houses of not more than three storeys, a timber 
floor spanning on to a wall from one side only, but hav- 
ing a bearing of not less than 90 mm. The Code does not 
state explicitly in this clause that metal restraint straps 
are required in this situation, but this is implied and 
certainly recommended by the authors. 


It should be emphasised that, when considering the above 
conditions, the restraining member, i.e. floor or roof con- 
struction, must be capable of resisting the required loading 
given in section 5.7, and transmitting the static reactions to 
other members providing the overall stability. This is par- 
ticularly important in the case of timber trussed rafters. It is 
also essential that the straps and ties are able to transmit the 
restraint loads from the wall into the floor or roof structure. 


The requirement that a precast concrete floor, or roof, 
should provide restraint equivalent to that of an insitu slab, 
needs careful detailing, especially if a ‘beam and pot’ con- 
struction is to be adopted without a structural screed. The 
precast units must be capable of resisting the required load- 
ing and transferring the forces back to the stabilising walls. 


5.7.2 Methods of Compliance: 
Walls — Vertical Lateral Supports 


Vertical lateral supports are, as with horizontal lateral 
supports, classed as those providing simple resistance and 
those providing enhanced resistance. Such vertical sup- 
ports must be capable of resisting the forces defined in (a) 
and (b) of section 5.7, and also of transmitting the static 
reactions to suitable foundations. Once again, the Code 
gives ‘rule of thumb’ details, and allows that, in other cases, 
suitable lateral supports may be confirmed by calculation. 
There appear to be no criteria, however, for verifying that a 
support is in fact an enhanced support within the terms of 
the Code. The Code requirements are illustrated in Figures 
5.16 and 5.17 and defined as follows: 


(a) Simple resistance may be assumed where an intersect- 
ing or return wall, not less than the thickness of the sup- 
ported wall, extends from the intersection at least ten 
times the thickness of the supported wall, and is con- 
nected to it by metal anchors (ties) designed to resist 
the assumed lateral forces (i.e. simple static reactions 
and 2.5% of the vertical load, as defined previously). 
The Code also stipulates that the ties should be evenly 
distributed throughout the height, at not more than 
300 mm centres. In the case of cavity wall construction, 
the thickness of the intersecting or return wall should 
be not less than the thickness of the loadbearing leaf, 
and should extend from the intersection at least ten 
times the thickness of the loadbearing leaf. If both leaves 
are loadbearing, then it is reasonable to assume that 
the construction is adequate if the requirements are met 
for one leaf only, or for the thicker leaf if different 
thicknesses are used. 


restraining wall 


ties at <300 c/c designed to 
resist assumed lateral forces 


wall to be restrained 
L=10 xt, and sufficient to resist 
assumed lateral forces 
restraining wall 


t. = thickness of supported leaf 
ie t; or loadbearing leaf 


restrained wall 


Figure 5.16 Simple vertical lateral supports 


L=10 x t, and sufficient to resist 
assumed lateral forces 


Figure 5.17. Vertical lateral supports providing 
‘enhanced’ resistance 


(b) Enhanced resistance may be assumed where an inter- 
secting or return wall is properly bonded to the sup- 
ported wall or leaf of a cavity wall. Thickness and 
length requirements are as (a) above. 


On the basis of this and later Code requirements, it would 
appear that enhanced resistance to lateral movement may 
be assumed where calculation verifies that a restraint pro- 
vides the equivalent rotational resistance, or continuity, as 
would properly bonded construction. 


5.8 Effective Height or Length: Walls 


As stated in section 5.7 the effective height or length, used 
in the determination of the slenderness ratio of an element, 
is based on the actual height or length which is modified 
depending on the restraint conditions. Examples of simple 
and enhanced restraints have been given in the previous 
section, and the effective height or length may be determined 
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concrete floor or roof 


f 


supports providing enhanced resistance to 
lateral movement 

typical condition 

(a) effective height = h,; = 0.75h 


supports providing simple resistance to 
lateral movement 

typical condition 

(b) effective height = h, =h 


\ A 


floor joists with boarding 


Figure 5.18 Examples of effective heights for walls 


in accordance with BS 5628 from the actual height or length 
as follows. 


The effective height is equal to either 


(a) 0.75 times the clear distance between horizontal lateral 
supports which provide enhanced resistance to lateral 
movement, or 

(b) the clear distance between horizontal lateral supports 
which provide simple resistance to lateral movement 
(see Figure 5.18). 


Effective length is equal to either 


(a) 0.75 times the clear distance between vertical lateral 
supports which provide enhanced resistance to lateral 
movement (see Figure 5.19(a)), or 

(b) twice the distance between a vertical lateral support 
which provides enhanced resistance to lateral move- 
ment, and a free edge (Figure 5.19(b)), or 


t tg 


oe 
effective length = |,; = 0.75L 


Figure 5.19(a) Typical condition (a), supports providing 
enhanced resistance to lateral movement 


intersecting wall 
as required 


free edge 


effective length = |, = 2L 


Figure 5.19(b) Typical condition (b), support providing 
enhanced resistance to lateral movement and a free edge 


(c) the clear distance between vertical lateral supports 
which provide simple resistance to lateral movement 
(Figure 5.19(c)), or 

(d) 2.5 times the distance between a vertical lateral support 
which provides simple resistance to lateral movement, 
and a free edge (see Figure 5.19 (d)). 


return wall 


intersecting wall 


designed ties 


to and ts >t, d= 10t, 


effective length = |.,;=L 


Figure 5.19(c) Typical condition (c), supports providing 
simple resistance to lateral movement 


t 


jes = 


b>t d>10t, 


designed tie 


effective length = |,, = 2.5L 


Figure 5.19(d) Typical condition (d), support providing 
simple resistance to lateral movement 


designed ties 


at 300 c/c 
A | 


al 
; 2.4mc/c , 
x Insitu concrete slab 


2.8m 


section A-A 


Figure 5.20 Slenderness example 


34 Structural Masonry Designers’ Manual 


Example 8 
Determine the slenderness ratio for the wall as shown in 


Figure 5.20, assuming f,,= 102.5 mm. 


‘ h 
Slenderness ratio, SR=lesser of —£ and ‘ 
ef ef 


The concrete floor provides enhanced lateral restraint. 
Therefore: 


hgg=0.75h = 0.75 X 2.8 =2.1m 
t.¢= 102.5 mm 


Therefore, based on effective height, SR =2100 /102.5 = 20.5. 
1,~=L=2.4 based on condition (c) 

Therefore, based on effective length, SR = 2400/102.5 = 23.4 

Therefore, use lesser SR = 20.5. 


5.9 Effective Thickness of Walls 


5.9.1 Solid Walls 


For a solid wall not stiffened by intersecting or return walls, 
the effective thickness is equal to the actual thickness. 
Where a solid wall is stiffened by piers, the effective thick- 
ness, f,,, is increased by an amount depending on the stiff- 
ening effect of the piers, i.e. their size and spacing. 


tp=txK 
where 


t =the actual thickness of the solid wall 
K =the appropriate stiffness factor, as given in Table 5.12. 


Table 5.12 (BS 5628, Table 5) 


Ratio of pier spacing pier thickness t, 


(centre to centre) to Belle wall thickness a 
pier width 1 2 3 
6 1.0 1.4 2.0 
10 1.0 1.2 1.4 
20 1.0 1.0 1.0 


Note: Linear interpolation is permissible, but not 
extrapolation 


! 215 e2ld 


i 3m cc/ i 
———— 


Figure 5.21 Effective thickness example 


Example 9 


Determine the effective thickness of the wall shown in 
Figure 5.21. 

Pier spacing c/c _ 3000 

Pier width 215 


= 13.95 


Pier thickness (t,) _ 317.5 
Wall thickness (#) 102.5 


From Table 5.12, K lies between 1.4 and 1.0. 
By interpolation 


= 3.09 


K=1.24 
Thus 
typ = 1.24 x 102.5 = 127 mm 


Where a solid wall is stiffened by intersecting walls, the 
stiffening coefficient as obtained from Table 5.12 may be 
used to calculate the effective thickness, in the same way 
as for a wall stiffened by piers. For the purposes of calcu- 
lating the effective thickness, the intersecting walls are 
assumed to be equivalent to piers whose widths are equal 
to the thickness of the intersecting walls, and of thickness 
equal to three times the thickness of the stiffened wall (see 
Figure 5.22). 


215 
Me— 215 


4mc/c | 


Figure 5.22 Solid wall stiffening effective thickness 
example 


102.5 


Example 10 


Determine the effective thickness of the wall shown in 
Figure 5.22. 


Equivalent pier spacing — 4000 _ 18.6 


Equivalent pier width 215 


Equivalent pier thickness — 3102.5 _ 
Wall thickness 102.5 


(note this value will be 3 in all cases) 


5.9.2 Cavity Walls 


The addition of another leaf of masonry, joined only with 
ties to a solid wall, will obviously reduce the tendency of 
the solid wall to buckle, whether only one or both of the 
leaves are loadbearing. However, two leaves of masonry 
separated by a cavity will not produce a wall of equal stiff- 
ness to that formed by properly bonding the two leaves 
together. The effective thicknesses of a cavity wall is thus 
taken to be two-thirds of the sum of the thickness of the two 
leaves. Where one of the leaves is thicker than the other, 
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the value for the effective thickness may (on that basis) be 
less than that of the thicker leaf alone and, in this case, the 
effective thickness of the cavity wall should be taken as the 
actual thickness of the thicker leaf. 


327.5 [ 


wes} 2 


Figure 5.23. Cavity wall thickness example 


Example 11 


Determine the effective thickness of the cavity wall shown 
in Figure 5.23. 


Actual thickness of leaves = 327.5 mm and 102.5 mm 


Effective thickness of combined leaves = 2/3(327.5 + 102.5) 
= 286.7 mm 


But this combined effective thickness is less than the actual 
thickness of the thicker leaf alone. 


Thus, for SR calculation, t,,= 327.5 mm. 


Where one of the leaves of a cavity wall is stiffened by piers, 
the effective thickness of this leaf should be calculated 
as described in section 5.9.1. The effective thickness of the 
cavity wall is then determined, as set out above, using 
the increased value for the effective thickness of the leaf 
stiffened with piers. 


Figure 5.24 Cavity wall thickness with piers example 


Example 12 


Determine the effective thickness of the cavity wall shown 
in Figure 5.24. 


From Example 9, the effective thickness of the leaf with 
piers is t.-= 127 mm. 


Thus the effective thickness of the cavity wall = 2/3(127 + 
102.5) = 153 mm. 


5.10 Loadbearing Capacity Reduction 
Factor, B 


In section 5.6, the tendency of structural materials to buckle 
under compressive loading was considered, and methods 
for determining the slenderness ratio for various types of 


215 


=» ~— 
3.0 | 


wall 1 


SR = 3000/215 = 13.95 


215 


—>| «— 


1.0 “ly SR = 1000/215 = 4.65 


wall 2 


Figure 5.25 Slenderness ratio example 


Table 5.13 Capacity reduction factor (BS 5628, Table 7, 
part only) 


Slenderness ratio hg;/tor 3) 

0) 1.00 

6 1.00 

8 1.00 
10 0.97 
12 0.93 
14 0.89 
16 0.83 
18 0.77 
20 0.70 
22 0.62 
24 0.53 
26 0.45 
27 0.40 


wall were given in subsequent sections. The slenderness 
ratio is a measurement of how slender a wall is, which in 
turn, is a measure of the tendency to buckle when subjected 
to compressive loading. The higher the wall’s tendency to 
buckle, the lower the potential strength of the wall, since it 
will fail by buckling before failing due to crushing of the 
units or joints. 


Even if the characteristic strengths of the masonry in walls 1 
and 2 in Figure 5.25 are equal, wall 2 will still have the higher 
loadbearing capacity as it is less likely to buckle than wall 1. 


The design strength of a wall or column must therefore 
be reduced by a factor, termed the capacity reduction factor 
B, depending on the slenderness ratio of the wall or column. 
Values for B are given in BS 5628 and reproduced in 
Table 5.13. 


It should be noted that these values for B which are, in fact, 
maximum or worst case values, are strictly correct only for 
the central fifth of the member. Over the remaining height 
of the member, B varies between this value and unity at 
restraints (see BS 5628, Appendix B). 
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5.11 Design Compressive Strength of 
a Wall 


Having determined the characteristic strength of masonry, 
fy, the relevant partial factor of safety for materials, y,,, and 
the capacity reduction factor, B, the design strength of a 
wall may now be calculated. The design compressive 
strength is given by the product of the capacity reduction 
factor and the characteristic compressive strength divided 
by the partial safety factor for materials. This may be 
expressed as follows: Bf,/Y,,, Which will give the strength 
as a force per unit area of wall. The design strength per unit 
length of wall is thus given by the formula: 


Behe 


m 


design strength per unit length= 


which is the expression given in BS 5628 (clause 32.2.1), 
where 


B= capacity reduction factor (see section 5.10), 
f= characteristic strength of masonry (see section 5.4), 
Ym= relevant partial safety factor on materials (see sec- 
tion 5.5), 
t= actual thickness of wall. 


Example 13 


A wall has an effective height of 2.25 m and an effective 
thickness of 102.5 mm (Example 6). The brick strength is 
15 N/mm‘? and the mortar mix is 1:1 :6 (Examples 2 and 4). 
The manufacturing control is normal and the construction 
controls are special. 


Determine: (a) the design strength of the wall, 
(b) the loadbearing capacity of the wall. 


sia =1.78N/mm? (Example 5) 


Ym 
B=0.62 (Example 6 and Table 5.13) 
Design strength = Bh 
=0.62 x 1.78 
=1.10 N/mm? 


Design load = stress x area 
=1.10x 102.51 N/mm run 
=112.75kN/mrun 


Example 14 


Determine the loadbearing capacity of the wall given in 
Example 13, when both the manufacturing and construc- 
tion controls are normal. 


ice 1.43N/mm? (Example 4) 


Vm 

Design strength = Bh 
= 0.62 x 1.43 
=0.88 N/mm? 


Design load = 0.88 x 102.5 
=90.20 kN/mrun 


Figure 5.26 Column slenderness example 


5.12 Columns 


In terms of loadbearing masonry subject to axial compres- 
sive loading, a column is only a special case in the design of 
walls. A column is defined in BS 5628 as an isolated vertical 
loadbearing member whose width is not more than four 
times its thickness (see Figure 5.26). 


5.12.1 Slenderness Ratio: Columns 


As an isolated member, a column does not gain from the 
lateral support provided in the longitudinal direction by 
the adjacent elements of a wall. The slenderness ratio of a 
column must, therefore, be checked in two directions, and 
the worst case used to determine the design strength. 


The effective height of a column is defined as the distance 
between lateral supports, or twice the actual height in 
respect of a direction in which lateral support is not pro- 
vided. This is illustrated in Figure 5.27 and Table 5.14. 


beams providing lateral 
support in two directions 


ty = thickness used to 
determine effective 

Y thickness when 
considering slenderness 
ratio relative to X-X 


effective height relative to X-X axis = h,,, =h 
effective height relative to Y-Y axis = heyy =h 


beams providing lateral support 
in one direction only ie X-X 


effective height relative to X-X axis = hep, =h 
effective height relative to Y-Y axis = Neyy = 2h 


Figure 5.27 Effective height examples 
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Table 5.14 


End condition 


Type of restraint 


Effective height, h,, 


Column restrained at least 
against lateral movement top 
and bottom 


Floor or roof of any construction 
spanning onto column from 
both sides at the same level 


hin respect of both axes 


Column restrained against lateral 
movement at top and bottom by 
at least two ties 30 x 5mm min. 
at not more than 1.25 m centres 


Concrete floor or roof, 
irrespective of direction of span, 
which has a bearing of at least 
2/3 tbut not less than 90 mm 


No bearing or bearing less than 
case above 

Floor or roof or any construction 
irrespective of direction of span 


hin respect of both axes 


hin respect of minor axis 


2h in respect of major axis 


effective thickness 
y-y=Ll 


effective thickness 
X — X = 2/3 (ty + te) 
or=t, 
or=to 
whichever is the greater 


Figure 5.28 Effective thickness examples 


The effective thickness of a solid column is equal to the 
actual thickness, t, relative to the direction being con- 
sidered. The effective thickness of a cavity column, perpen- 
dicular to the cavity, is taken as two-thirds of the sum of 
the leaf thicknesses, or the actual thickness of the thicker 
leaf, whichever is the greater. In the other direction, the 
effective thickness is equal to the plan length of each leaf 
(see Figure 5.28). As in the case of walls, the slenderness 
ratio of a column about either axis is restricted to not more 
than 27. 


In respect of isolated columns, the Code does not 
specifically provide for any reduction in the effective height 
if enhanced lateral supports are provided. It would seem 
reasonable, however, at least in the case of an insitu con- 
crete roof or floor slab, or precast concrete slab providing 
equivalent restraint, that enhanced lateral support may be 
assumed and the effective height modified accordingly. A 
similar assumption may be made in certain cases of ‘floors 
or roofs of any form of construction which span onto the 
column from both sides at the same level’. However, for 


this to be valid, the floor or roof construction must have 
sufficient rigidity perpendicular to the span to provide 
resistance to the assumed forces as noted in section 5.7. The 
effective height of a column may also be taken as 0.75 times 
the clear distance between lateral supports which provide 
enhanced resistance to lateral movement, as shown in 
Figure 5.27. This, though, does not comply with BS 5628 
and should be used with caution. 


5.12.2 Columns Formed by Openings 


Most walls contain a door, window or some other form of 
opening and these are often close together so that a sec- 
tion of the wall between the adjacent openings becomes 
very narrow. In cases where this section of walling is by 
definition a column, i.e. width not more than four times its 
thickness, the effective height relative to an axis perpen- 
dicular to the wall will, due to the reduced restraint offered 
by the remaining section of wall, be less than that of a 
completely isolated member but greater than that of a con- 
tinuous wall. 


This is illustrated in Figure 5.29, from which it can be seen 
that for consideration of slenderness relative to an axis x—x, 
the effective height of the column formed by the openings 
will be greater than for the wall, but less than for the iso- 
lated member. The assessment of the effective height will 
vary depending on the size of columns, etc. Thus each case 
should be considered separately. A conservative approach 
would be to treat such a section as an isolated column. 
BS 5628 gives two general recommendations for the assess- 
ment of the effective height as follows: 


(a) Where simple resistance to lateral movement of the wall 
containing the column is provided, the effective height 
should be taken as the distance between supports. 

(b) Where enhanced resistance to lateral movement of 
the wall containing the column is provided, the effect- 
ive height should be taken as 0.75 times the distance 
between the supports plus 0.25 times the height of the 
taller of the two openings. 
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mm 
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Figure 5.29 Columns formed by openings 


column formed by enhanced lateral 


openings : restraint 
h 


a 


ae enhanced lateral 


restraint 


= 


elevation 
column effective height = hg; = 0.75h + 0.25h, 
Figure 5.30 Effective height of column formed by 
openings of differing height 


no straps at column 
positions 


joisted floor with straps 


column may not be provided with 
lateral restraint although the wall is 


Figure 5.31 Example of no lateral restraint provided to 
columns formed by openings 


This is illustrated in Figure 5.30 and means that if one of 
the openings is full height, the effective height will again 
be equal to the distance between lateral restraints. It is 
important to note that, even if the wall containing the col- 
umn is provided with adequate restraint, the column itself 
may not be, particularly if both the openings continue up to 
the level of the lateral restraints (see Figure 5.31). 


insitu concrete floor 
bearing full width onto 


327.5 
ef the wal 
=i ie 


3000 


insitu concrete floor 
bearing full width onto 
the wall 


elevation 


plan 


Figure 5.32 Wall details for Example 15 plan 


Example 15 


Determine in accordance with BS 5628, the slenderness 
ratio of the column formed by openings in the wall shown 
in Figure 5.32. 


Effective heights: 
Ne Jxx = 9-75 x 3000 + 0.25 x 2400 
= 2850 
h = 3000 


ef /yy 
Effective thicknesses: 


bot yx = 927.5 
bog = 215 
Slenderness ratios: 
2 2850 =37 
327.5 
3000 
SR. = —— =13.9 

YY 215 


Thus the slenderness ratio for the column is 13.9 as this is 
the worst case. 


5.12.3 Design Strength 


The design compressive strength of a column is given by 
the product of the capacity reduction factor, the column area 
and the characteristic compressive strength of masonry, 
divided by the relevant partial safety factor for materials. 
This may be expressed as follows: 


por Je 


Ym 


where 


b= width of column 
t= depth of column. 


Therefore 


bt = cross-sectional area, 
B=capacity reduction factor (see section 5.10), 
f= characteristic compressive strength (see section 5.4), 
Ym= Partial factor of safety for materials (see section 5.5). 


(See also section 5.12.4.) 
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Example 16 


Determine the design compressive strength of a column, 
440 mm x 440 mm, 4.4 m clear height between concrete 
floors giving enhanced lateral restraint. The bricks have a 
compressive strength of 35 N/mm/, and the mortar is de- 
signation (ii). The manufacturing and construction controls 
are normal. Section 5.12.1 suggests that a value of h,, of 
0.75h can be adopted for columns with enhanced lateral 
restraint, subject to use with caution. This example there- 
fore assumes l= 1h. 


Slenderness ratio = The =—— =10 


Therefore B = 0.97. 
Characteristic compressive strength of masonry: 


f,=94N/mm? (see section 5.12.4), 
Ym = 3-5 


Therefore 
; 95 = 
design strength = 0.97 x 440 x 440 x ae x10 


=509 kN 


(This example and Example 15 have ignored the ‘small 
plan area’ effect and the answers are not strictly correct 
since the characteristic compressive stresses should have 
been modified using a factor described in section 5.12.4.) 


5.12.4 Columns or Walls of Small Plan Area 


In a member whose plan area is relatively small, the num- 
ber of individual units available to support the loading 
is less than in the case of a wall. A wall may consist of, 
say, 50 units, of which some will be of greater compress- 
ive strength than others, and some of lesser compressive 
strength, with a reasonable spread of values about the 
mean value. A column may be required to support a similar 
load per unit area, but may consist of only, say, four units 
on plan. If all the four units in the column are of similar 
strength, which may be comparatively low, the effect on the 
design strength of the column would be greater than if four 
units in the wall were of a similarly low strength. The prob- 
ability of low strength units being present in the wall or the 
column is the same, but the effect on the column strength 
is greater. It is necessary, therefore, to adjust the design 
strength of a column or wall of small plan area, to ensure 
that the probability of failure is similar to that of a normal 
wall. Logically, this should be achieved by adjusting the 
partial factor of safety for materials. The Code provides 
for a modification factor to be applied to the characteristic 
strength. The recommendation given in BS 5628 applies to 
walls or columns whose horizontal cross-sectional area is less 
than 0.2 m’, and states that the characteristic compressive 
strength should be multiplied by a factor given by the fol- 
lowing formula: 


(0.7 +1.5A) 


where A = horizontal cross-sectional area of the column or 


wall in m?. 


simple lateral 
restraint 327.5 
X 
| 
Y — —Y |} 215 
| 
Y |4600 xX 
| section A-A 
x JAP IA, 
(Li 


Figure 5.33 Column details for Example 17 


Example 17 


Determine the design strength of the column shown in 
Figure 5.33, constructed with 20 N/ mim? units in mortar 
designation (iv), normal construction and materials control. 


Capacity reduction factor: 
Slenderness ratios, 


Iheg/yy = Meg /x= 4600 
i y= 007 5 SRS NY ai 
327.5 


4600 
tet/yy = 215, ok = 215° =21 


Therefore B = 0.66 (Table 5.13). 
Characteristic compressive strength: 


20 N/mm units, therefore f, = 5.2 N/mm? in mortar desig- 
nation (iv). 


But, plan area = 0.3275 x 0.215 =0.07 m7, i.e. < 0.2 m’, there- 
fore modification factor applies. 


Modification factor = 0.70 + 1.5 x 0.07 
= 0.805 


Modified characteristic compressive strength 
= 0.805 x 5.2 N/mm? 
Partial factor of safety: 


Controls normal, y,, =3.5 


Therefore 
Design strength = PSA ie 
Ym 
_ 0.66 x 0.07 x 10° x 0.805 x 5.2 x 103 
3.5 
=55 kN 


5.13 Eccentric Loading 


When considering a member subject to compressive load- 
ing, it is unlikely that the loading will ever be truly applied 
concentrically. In most instances, the load will be applied at 
some eccentricity to the centroid of the member, whether 
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distance from loaded face to 
line of action of loading = L/3 


eccentricity 
e, = t/2-L/3 


bearing length =L 


thickness = t 


Figure 5.34 Eccentricity of single slab bearing onto 
wall 


| |, distance from loaded face to 
++] +«— line of action of loading = 
I t/2 x 1/3 =t/6 


eccentricity 


e, = t/2-4/6 = t/3 thickness = t 


Figure 5.35 Eccentricity of continuous slab bearing 
onto wall 


due to construction tolerances, varying imposed loads 
on adjacent floor spans or other causes. Generally, in the 
absence of evidence to the contrary, it is assumed that the 
load transmitted to a wall by a single floor or roof acts at 
one-third of the length of bearing from the loaded face. The 
most common cause is bending in the beam or floor or roof 
being supported. That is, as if a triangular stress distribu- 
tion is assumed under the bearing (see Figure 5.34). 


Where a uniform floor is continuous over a wall, the Code 
recommends that each span of the floor should be taken as 
being supported individually, on half the total bearing area 
(see Figure 5.35). 


Previous versions of the Code stated that where loads are 
supported at a distance from the face of the wall, as where 
joist hangers or continuous bearers are used, the load 
should be assumed to be applied at a distance of 25 mm 
from the face of the wall (see Figure 5.36). The 1992 issue of 
BS 5628: Part 1 suggests that, for the load condition shown 
in Figure 5.36, the application of the load should be taken at 
the face of the wall. As joist hangers seldom fit precisely the 
authors consider that the eccentricity shown in Figure 5.36 
should continue to be used in design. 


The eccentricity has a maximum value, e,, just under the 
applied load, and the member must be designed to resist 
the extra stresses incurred due to this eccentricity. But, the 
effect of the eccentricity may be assumed to decrease down 
the height of the member, until its effect is zero at the bot- 
tom of the member. Thus the vertical load on a member 
may be considered as being axial (concentric) immediately 
above a lateral support (see Figure 5.37). 


In the case of walls, it is not necessary to consider the effects 
of eccentricity where e, is less than 0.05t. 


eccentricity 


e, =t/2+ 25mm > 


25 


assumed line of action of 
loading 


thickness = t 


Figure 5.36 Eccentricity of single timber joist 
supported in joist holder 


: 


eccentricity e, 
bending moment in wall 
due to eccentricity 


e, = 0 above lateral 
support 


Figure 5.37 Variation of eccentricity in the height of a 
wall 


5.14 Combined Effect of Slenderness and 
Eccentricity of Load 


It was seen in section 5.10, that the loadbearing capacity of a 
member was reduced due to the effects of slenderness on 
the tendency of the member to buckle. The application of an 
eccentric load will further increase the tendency of the wall 
to buckle, and thus reduce the load-carrying capacity of the 
member. This reduction is catered for by reduced values of 
B, the capacity reduction factor, depending on the ratio of 
the eccentricity, e,, to the member thickness. 


5.14.1 Walls 


Values of the capacity reduction factor, B, for walls are 
given in Table 5.15 for values of eccentricity, e,, from 0 to 
0.3t, where t is the thickness of the wall. The values from 
Table 5.13 are included in this table. Intermediate values 
may be obtained by linear interpolation between slender- 
ness ratios and eccentricities. As stated in section 5.10, these 
values of § are maximum values and are strictly only correct 
for the central fifth of the member (see also section 5.14.2). 


Example 18 


Determine from Table 5.15 the value of B when h,;,/t..= 16, 
for the wall shown in Figure 5.38. 
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Table 5.15 Capacity reduction factor B (BS 5628, 


Table 7) 
Slenderness ratio, h¢/to¢ Eccentricity at top of wall, e, 
Upto0.05t? 0.1t O0.2t 0.3¢t 

0) 1.00 0.88 0.66 0.44 
6 1.00 0.88 0.66 0.44 
8 1.00 0.88 0.66 0.44 

10 0.97 0.88 0.66 0.44 

12 0.93 0.87 0.66 0.44 

14 0.89 0.83 0.66 0.44 

16 0.83 0.77 0.64 0.44 

18 0.77 0.70 0.57 0.44 

20 0.70 0.64 0.51 0.37 

22 0.62 0.56 0.43 0.30 

24 0.53 0.47 (0.34 

26 0.45 0.38 

27 0.40 0.33 


9 It is not necessary to consider the effects of eccentricities up 


to and including 0.05t 


Notes: Linear interpolation between eccentricities and 
slenderness ratios is permitted. 
The derivation of B is given in Appendix B of BS 5628. 
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Figure 5.38 Wall details for Example 18 


7 loading 
eccentricity —>! 
| 


ZA 


| 

| 

y 
section 


wall 


loading 


Figure 5.39 Eccentricity for masonry columns 


eccentricity about one 


2. = 218 _ 150 _575 
Thus, in terms of t, 
e= ans; =0.27t 
= 15 


When e, =0.2t, B=0.64 
e, = 0.3t, B=0.44 


Therefore for 


e, =0.27t, B=0.58 


5.14.2 Columns 


Because the application of loading to a column may be 
eccentric relative to two axes, as compared with a wall 
where the eccentricity is generally related only to an axis in 
the plane parallel with the centre line, the treatment of 
eccentricity for columns is necessarily more involved (see 
Figure 5.39). 


The Code defines eccentricity as relative to the major or 
minor axis of the column. The major axis being defined as 
the principal axis, about which the member has the larger 
moment of inertia. The minor axis being perpendicular to 
the major axis (see Figure 5.40). 


The dimensions of the section are then taken as being b for 
the side perpendicular to the major axis and ¢ perpendicu- 
lar to the minor axis. The values of the capacity reduction 
factor, 8, for columns are determined in accordance with 
BS 5628 as follows: 
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Figure 5.40 Axes for eccentricity in masonry columns 


minor a 


major axis 
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4 


e <0.05t 


ft - minor axis 


case 1 


e <0.05b 


slenderness ratio (SR) based on: 
effective height (determined relative to minor axis) 


effective thickness (based on t) 


Figure 5.41 Nominal eccentricity about both axes of a 
masonry column 


Case 1: Nominal Eccentricity Both Axes 


When the eccentricities about major and minor axes at the 
top of the column are less than 0.05b and 0.05t respectively, 
B is taken from the range of values given in Table 5.15 for e, 
up to 0.05t, with the slenderness ratio based on the value of 
t.¢appropriate to the minor axes (see Figure 5.41). 


Case 2: Nominal Eccentricity —- Major Axis Eccentric 
about Minor Axis 


When the eccentricities about the major and minor axes are 
less than 0.05b but greater than 0.05 respectively, B is taken 
from Table 5.15 using the values of eccentricity and slender- 
ness ratio appropriate to the minor axis (see Figure 5.42). 


Case 3: Nominal Eccentricity — Minor Axis, Eccentric 
about Major Axis 


When the eccentricities about the major and minor axes are 
greater than 0.05b but less than 0.05t respectively, B is taken 
from Table 5.15 using the value of eccentricity appropriate 
to the major axis and the value of slenderness ratio appro- 
priate to the minor axis (see Figure 5.43). 


Case 4: Eccentricity about Both Axes Greater Than 
Nominal 


For columns, the value of B may be calculated for each 
axis and the minimum design capacity calculated. This 
method has a more general application and may be used to 
determine B for any member at any position. The values 
given in Table 5.15 are strictly only appropriate for the mid- 
height region of a member and, in some instances, the 
determination of § may be required at other points. 


major axis 


e 20.05t 


t 
f - minor axis 


case 2 


e <0.05b 


slenderness ratio (SR) based on: 
effective height (minor axis) 


effective thickness (minor axis) 


Figure 5.42 Eccentricity about minor axis and nominal 
eccentricity about major axis 


major axis 


case 3 


e 20.05b 


slenderness ratio (SR) based on: 
effective height (minor axis) 


effective thickness (minor axis) 


Figure 5.43 Eccentricity about major axis and nominal 
eccentricity about minor axis 


When the eccentricities about major and minor axes are 
greater than 0.05b and 0.05t respectively, B is calculated by 
deriving additional eccentricities and substituting in the 
appropriate formula as described in the next pragraph 
(based on BS 5628, Appendix B). 


The eccentricity of applied loading is assumed to vary from 
e, at the point of application to zero above the lateral sup- 
port (see Figure 5.37), and an additional eccentricity consid- 
ered to allow for slenderness effects, i.e. the tendency of the 
member to buckle. This additional eccentricity, e,, is consid- 
ered to vary linearly from zero at the lateral supports to a 
value over the central fifth of the member height given by 
the formula: 


2 
=f) —— : 7 — 0.015 
2400 


where 


te = effective thickness of member 
h.¢= effective height (see Figure 5.44). 


The total design eccentricity, e,, for calculation of the capa- 
city reduction factor is given by the sum of e, and e, at the 
point being considered. When considering the mid-height 
section, where e, is maximum, the maximum value of e, 
will be: 


e,=0.6e,+e, at mid-height 
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t- 


0.9h 
0.8h 
0.7h 
0.6e, 0.6h 

h 0.5h 
0.4h 
0.3h 
0.2h 
0.1h 


e,=0 


section through 
wall 


@q = t[(1/2400) (hey/te)2— 0.015] 


Figure 5.44 Variation of e, and e, over height of 
member 


When considering the top of the member, e, will be zero 
and e, ata maximum. Thus e, will be equal to e, 


e,=e, attop of member 


For design eccentricities e,, of 0 to 0.05, the design vertical 
load capacity of a member is given by: 


pr 
¥, 


m 
where 
€» = larger of e, and e, 
B=1. 


The ultimate stress block for an eccentrically loaded section 
is then assumed to be as given in Figure 5.45, from which the 
design vertical loading may be seen to be equal to the area 
of the stress block multiplied by the design stress, that is, 


> t e., |x 1.1 f, per unit length 
2 Ym 


Which may be expressed as follows: 


2 
uf : 2a 
t 


Ym 
or 
Btf, 
Yon 
1 @, t/2-en 
—— 7 
| 42 v2! 
1 2(t/2-e,) | 


stress block under ultimate conditions 


Figure 5.45 Stress block for eccentrically loaded 
section 


where 
2 
B=14 : = 2a | 
f= characteristic strength of masonry 


Ym = Partial factor of safety on materials 
e,, = the larger of e,, and e,, but not less than 0.05t. 


5.15 Concentrated Loads 


The design compressive stress locally at the bearing of a 
concentrated load may be greater than the general level 
of stress within the body of a wall or other member. Such 
relatively higher stress concentrations occur only over a 
small area, and are rapidly reduced by dispersion within 
the body of the member. Typical examples of such con- 
centrated loads are beam bearings which are usually either 
rigid in themselves, e.g. deep concrete beams, or are pro- 
vided with spreaders, e.g. padstones. The distribution 
of stress under such bearings varies according to the par- 
ticular details being adopted, and various methods are 
available for analysing the distribution. BS 5628, clause 34, 
considers that, in general, the concentrated load may be 
assumed to be uniformly distributed over the area of the 
bearing and dispersed in two planes within a zone con- 
tained by lines extending downward at 45° from the edges 
of the loaded area (see Figure 5.46). This, however, tends to 
conflict with the recommendation in the Code that, when 
considering the eccentricity of applied loading the load 
may be assumed to act at one third of the depth of the bear- 
ing area from the loaded face (see section 5.13). Each case 


| gan concentrated —~, 
load 


load disperses in two planes 


elevation section 


concentrated 
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loaded area 
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edges of loaded 
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load dispersed over this 
area at ‘h’ below bearing 


Figure 5.46 Load dispersal through masonry under a 
concentrated load 
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Figure 5.47 Stress distributions under concentrated 
loads 


should, therefore, be considered separately — the rigidity of 
the beam, lintel, etc. being an important factor. Also, the 
bearing detail may be such that the load can be applied uni- 
formly (see Figure 5.47). 


Table 5.16 


Bearing type Design local compressive stress in masonry 


f 
1 1.25 & 
Vm 
f 
2 1.5 «& 
Ym 
f 
3 2.0 & 
Ym 


The design local compressive stresses recommended in the 
Code vary according to the type of bearing being consid- 
ered. Three types are considered, being designated as types 
1,2 and 3 respectively. Types 1 and 2 are defined in terms of 
bearing area in relation to the thickness of the member. 
Type 3 bearing is for the special case of a spreader beam 
designed in accordance with the elastic theory, located at 
the end of a wall and spanning in its plane. For this type of 
bearing, the local stress is not uniformly distributed, but may 
be calculated from elastic theory. The appropriate design 
local compressive stresses for all three types are given in 
Table 5.16, and each type is illustrated in Figure 5.48. 


«— beam to span in plane of wall 


21/2t 
<3t 


50 mm <x<1/2t *&Z 


edge distance 
may be zero 


local design strength = 1.25f/Ym 
(a) Bearing type 1 


<2t 


<8x 
50mm <x<1/2t 


edge distance 


no restriction 


beam to span in 
«——_ plane of wall 


1ot<x<t XX 


tatsxst 


edge distance 


local design strength = 1.5f/Ym 
(b) Bearing type 2 


spreader 


a 
, 


distribution of stress under the 
spreader should be based on an 
acceptable elastic theory 

max stress should not exceed 
2h Ym 


(c) Bearing type 3 


Figure 5.48 (a-c) Concentrated loads: types of bearing (BS 5628, Figure 4). (Note: Although the figure shows 
bearings with a minimum bearing of 50 mm, the authors do not recommend using such a small bearing length.) 


Basis of Design (1): Vertical Loading 45 


brickwork 
supporting 
floor over 


rc beam — 
concentrated load 


section 


elevation 


Figure 5.49 Concentrated load dispersal and 
distributed load combination 


The Code requires that where concentrated loads are 
applied to a member, not only should the applied stresses 
be checked in the immediate area of the concentrated load, 
but also the stresses at a distance of 0.4/1, below the bearing, 
where /y, is the height of the bearing relative to the lower 
support. The applied stresses in the immediate area of the 
concentrated load will be equal to the sum of the design 
applied stress due to the concentrated load and the dis- 
tributed design applied stress existing within the member 
at that position (see Figure 5.49). The total combined stress 
must be less than or equal to the design local compressive 
stress from Table 5.16. 


Referring to Figure 5.49, 
Total stress at x—x 


_ design reaction at end of beam 


bearing area 


; design load from floor and brickwork above x-x 


area of wall 
i.e. local concentrated stress + uniformly distributed stress 
< design local compressive stress from Table 5.16. 


The total applied stress at a distance of 0.4, below the bear- 
ing will be equal to the sum of the design applied stress due 
to the concentrated load, reduced from its maximum value 
due to an assumed dispersion at 45°, and the distributed 
design applied stress existing within the member at 0.4/1, 
below the bearing. The total combined stress must be less 


brickwork wel 


supporting 
floor over 


rc beam — 
concentrated load 


hp 


section 


dispersion of 
load at 45° 


0.4h, 


0.8h, + bearing width 


elevation 


Figure 5.50 Concentrated load dispersal configuration 


than, or equal to, the design strength of the member calcu- 
lated in accordance with sections 5.11 and 5.12 for walls and 
columns respectively (see Figures 5.50 and 5.51). 


Referring to Figure 5.50, 
Total stress at y-y 


design reaction at end of beam 
(bearing width + 0.8/1) x thickness of wall 


m design load from floor and brickwork above y-y 


area of wall 


< Pf 


Ym 

It should be noted that, the value of 8, the capacity 
reduction factor, should be that for the position under 
consideration (see Figure 5.35 and BS 5628, Appendix B). 
The design strength of the wall may also require checking 
at other locations, e.g. mid-height which may not coincide 
with 0.4h, below the bearing. It is also possible that such 
concentrated loads may provide a degree of horizontal 
lateral restraint to a member and thus reduce the height 
between supports to be considered in determining the 
effective height. 
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Figure 5.51 (BS 5628, Figure 5) 


6 Basis of Design (2): Lateral Loading — 
Tensile and Shear Strength 


Having dealt with walls and columns acting in compres- 
sion, i.e. supporting vertical loads only, resistance to lateral 
loads must now be considered. In the walls of a house, for 
example, in addition to supporting the vertical loads from 
the roof and floors, masonry is also subject to the pressure 
of the wind against the outside walls and must, therefore, 
be designed to resist the resulting tensile bending stresses 
and shear stresses, as well as the compressive stresses. 


When a wall supports a uniformly distributed concentric 
vertical axial load, every part of the wall is assumed to be 
subjected to an equal compressive stress at any particular 
cross-section. When a wall supports a lateral loading, and 
bends or flexes, the stress at any particular cross-section 
may vary from being compressive at one face to being 
tensile at the other face — unless the wall is cracked (see 
Figure 6.1). As the resulting tensile stress is due to flexure 
of the wall, it is termed the flexural tensile stress. 


When axial loading and lateral loading are combined, the 
resultant stresses in an uncracked wall, or other geometric 
section under consideration, are those given by the com- 
bination of the stress due to the vertical load (a uniform 
compressive stress) and the lateral load, i.e. a stress varying 
from a maximum compressive stress on one face to a maxi- 
mum flexural stress on the other. Depending on the relative 
values of the vertical load and the bending moment due to 
the lateral load, the wall may be subject to entirely compres- 
sive stress, as shown in Figure 6.2, case 1, or both compres- 
sive and tensile stress, case 2. 


If the tensile stresses which develop exceed the tensile resis- 
tance of the wall — or other section being considered — the 
section will crack. Cracking will also occur where no tensile 
resistance can be developed due, for instance, to the inclusion 


le 


X 
V// stress = P/A 


stress diagram 
at X-X 


Figure 6.1 


of a damp proof course (dpc). The applied loading is 
then resisted purely by compression within the section, as 
shown in Figure 6.2, case 3. The stress diagrams illustrated 
are for compressive stresses within the elastic range. Stress 
diagrams appropriate to conditions approaching the ulti- 
mate limit state will be dealt with later in this chapter. 


Because of the self-weight of masonry, all walls are subject 
to some vertical loading. In case 1 (Figure 6.2) the compres- 
sive strength of the wall will govern the design of — in this 
instance — an external wall in the lower storey of a multi- 
storey building where the vertical loading due to the roof, 
floors and walls is large, and the bending moment due to 
the wind pressure is comparatively small. 


In case 2, the tensile strength of the wall must be considered 
in addition to the compressive strength, for example, an 
external wall in an upper storey of a multi-storey building 
where the vertical loading from the roof is small, or non- 
existent due to wind uplift forces, and the wind pressure is 
at its maximum. As masonry is comparatively weak in ten- 
sion, it is usually the tensile stress that governs the design in 
this situation. 


In case 3, the tensile strength, if any, of the wall has been 
exceeded, the section has cracked, and higher compressive 
stresses have resulted over a reduced area of the section. 
Thus in this case, the compressive stress governs the 
design. This example is typical of the external walls of 
lightly loaded structures, and all laterally loaded members 
which include a damp proof membrane incapable of trans- 
ferring tensile stresses across the joint. Some engineering 
bricks employed as dpcs are capable of transferring tensile 
stresses, but reliance on this must be given careful consider- 
ation by the designer. 


stress diagram 
at X-X 


bending moment = W x h=M 
ignoring self-weight of wall 


Stress blocks under vertical and horizontal loading 
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Figure 6.2. Combination of stresses under vertical and horizontal loading 


6.1 Direct Tensile Stress 


Tensile stresses due to bending are termed flexural tensile 
stresses in order to distinguish them from the tensile 
stresses due to the application of a direct tensile force such 
as that resulting from wind uplift. In view of masonry’s 
comparative weakness in tension, and the many other fac- 
tors involved, such as workmanship, etc., it is considered 
unwise to place any reliance on its direct tensile strength. 


Nevertheless, BS 5628 does enable designers, at their 
own discretion, to allow limited direct tensile stresses in 
two instances. The first is when suction forces arising from 
wind loads are transmitted to masonry walls. However, 
some form of restraint straps are generally necessary, and it 
is always advisable to provide some positive anchorage to 
eliminate the direct tensile stresses which can develop. The 
second case where direct tensile stresses may be allowed 
is when considering the probable effects of misuse or acci- 
dental damage (see Chapter 8). 


6.2 Characteristic Flexural Strength (Tensile) 
of Masonry, f,, 


Masonry is a brittle material and its resistance to flexural 
tension depends on the type of masonry unit, the mortar 
grade and, most importantly, the bond between the mortar 
and the unit. The correct type of unit and mortar grade can 
readily be specified. 


Much research has been undertaken into the mechanism of 
the bond between masonry units and mortar. It has been 
found under laboratory conditions that, when clay bricks 
are being used, the strength of the bond varies according to 


their water absorption properties. Thus for clay bricks, 
BS 5628 provides characteristic flexural strength values 
for various ranges of water absorption (see Table 6.1). 
Nevertheless, achieving a good bond between bricks and 
mortar still depends to a large extent on the degree of skill 
and care taken during construction. 


Failure to provide adequate temporary propping against 
wind or lateral pressure, or inadequate curing during con- 
struction may result in cracks occurring at a critical section 
which may invalidate any design assumptions based on 
flexural tensile resistance. This is not to say that masonry 
cannot be designed to resist flexural tensile stresses, but the 
designer’s judgement of what is safe and reasonable is cru- 
cial, and should be even more critical than when consider- 
ing other types of loading resistance. 


Flexural tension should only be relied on at a dpc if the 
material has been proved by tests to permit the joint to 
transmit tension, or if the dpc consists of bricks in accord- 
ance with BS 743. Care must also be taken to ensure that the 
dpc is properly bedded in mortar, since a test on a bonded 
dpc is useless, if, on site, the dpc is laid dry. 


Masonry is not isotropic, i.e. it does not have similar prop- 
erties in all directions, and, therefore, does not provide the 
same resistance to bending in both directions. For example, 
a square wall panel of masonry with only vertical supports 
on each side will provide a greater resistance to bending 
due to lateral loading than if only horizontal supports were 
provided at the top and bottom (see Figure 6.3). 


This difference in strength, however, is reduced by the effect 
of the self-weight of the wall, which will tend to reduce the 


Basis of Design (2): Lateral Loading — Tensile and Shear Strength 49 


failure occurs along 
this line perpendicular 
to the bed joints 


Pa ra 


oo 
a 
aon 
ee a 
lateral load 
Wall A 
flexure of wall with side restraint 
only 


failure occurs along 
this line parallel to the 
bed joints 


Wall B 
flexure of wall with top and 
bottom restraint only. Plane of 
failure parallel to bed joints 


Figure 6.3 Failure planes of laterally loaded masonry wall panels 


flexural tensile stresses developed — as was explained at the 
beginning of this chapter. As the height of a wall is increased, 
the compressive stress due to the self-weight of the masonry 
will also increase. The combination of this increased stress 
and the flexural tensile stresses will mean that, if the vertical 
loading is significant, the wall could resist a greater lateral 
loading when spanning between top and bottom supports, 
e.g. referring to Figure 6.3, wall B, than when spanning 
between vertical supports at each side, e.g. wall A. 


Any other dead or permanent imposed loadings will 
similarly increase the compressive stress in the wall and 
improve its resistance to bending, provided that the com- 
pressive stresses are within allowable limits. This dead 
loading is often termed the ‘pre-load’ on the wall. 


Thus masonry subject to little or no vertical loading tends 
to be stronger when spanning horizontally than when 
spanning vertically. On the other hand, walls which are 
subject to large vertical loading tend to be stronger when 
spanning vertically than when spanning horizontally. 


Values for the characteristic flexural tensile strength, f,,, 
both perpendicular and parallel to the bed joints are given 
in Table 6.1. These values take no account of any pre-load in 
the wall. 


6.2.1 Orthogonal Ratio 


As previously explained, masonry is not isotropic and the 
ratio of the resistance to bending when spanning vertically 
and horizontally is defined as the orthogonal ratio, u. It is 
used primarily for the calculation of bending moments in 
panel wall design. However, it is considered here because 
of its relationship to characteristic flexural strength. 


The orthogonal ratio, as defined in BS 5628, is the ratio of 
the values of the respective characteristic flexural strengths 
when spanning vertically and horizontally. This may be 
expressed as follows: 


faeipas 


orthogonal ratio, = 
kx/perp 
where 


fux/par = Characteristic flexural strength parallel to bed 
joints 
fux/perp = Characteristic flexural strength perpendicular to 
bed joints. 


Example 1 


Determine the orthogonal ratio, 1, for clay bricks having 
a water absorption of 9%, laid in mortar designation (ii), 
when no significant vertical load exists within the panel. 


From Table 6.1, the bricks are in the range 7-12% for water 
absorption. 


Thus 
frx/par = 9-4 N/mm? 
and 
fx/perp = 1-1 N/mm? 
Therefore 
= — =0.36 


The effect of any vertical loading in the member will tend to 
increase its resistance to bending when spanning vertically, 
and thus must be taken into account when determining the 
orthogonal ratio. The stress due to the design vertical load — 
which may only be the self-weight of the panel — is there- 
fore added to the characteristic strength parallel to the bed 
joints, and the sum of these two stresses is used to deter- 
mine the appropriate value of the orthogonal ratio. This 
may be expressed as follows: 


focipar* Sa 
orthogonal ratio, t= as 


kx/perp 
where g, = compressive stress due to the design vertical 
load in N/mm”. 


The Code recommends that the design vertical load should 
be modified by multiplying the partial safety factor on 
materials y,,,. This produces the expression: 


= Tice fpar 2 Vm8a 
f kx/perp 
It should be noted that the value of y, used in calculating 


the design vertical load (i.e. y,G,) should be 0.9, since the 
vertical load is beneficial in terms of flexural stregth. 


Example 2 


Determine the orthogonal ratio, u, at mid-height for the 
wall illustrated in Figure 6.4, constructed of the bricks and 
mortar described in Example 1 of density, p= 20 kN/m‘°. 
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Table 6.1 Characteristic flexural strength of masonry, f,,, N/mm? (BS 5628, Table 3) 


Plane of failure parallel to bed joints Plane of failure perpendicular to 
bed joints 

Mortar designation (i) (ii) and (iii) (iv) (i) (ii) and (iii) (iv) 
Clay bricks having a water 
absorption 

less than 7% 0.7 0.5 0.4 2.0 1.5 1.2 

between 7% and 12% 0.5 0.4 0.35 1.5 1.1 1.0 

over 12% 0.4 0.3 0.25 1.1 0.9 0.8 
Calcium silicate bricks 0.3 0.2 0.9 0.6 
Concrete bricks 0.3 0.2 0.9 0.6 
Concrete blocks (solid or hollow) 
of compressive strength (N/mm?) 
2.8 . ; e 0.40 0.4 
3.5 ies 0.25 0.2 0.45 0.4 
7) 0.60 0.5 
2.8 0.25 0.2 

T 1] a 
35 ali of thickness 0.15 01 0.25 02 
7.0 0.35 0.3 
ip used in walls of an vie ae 
14.0 y 0.25 0.2 0.90° 0.7 
thickness? 

and over 


9 The thickness should be taken to be the thickness of the wall, for a single-leaf wall, or the thickness of the leaf, for a cavity wall 
’ When used with flexural strength in parallel direction, assume the orthogonal ratio 1 = 0.3 
Note: Linear interpolation between entries in Table 6.1 is permitted for: (a) concrete block walls of thickness between 100 mm 
and 250 mm; (b) concrete blocks of compressive strength between 2.8 N/mm? and 7.0 N/mm? in a wall of given 
thickness. 


t=215mm Design vertical load at mid-height 


=| = partial safety factor on loads x characteristic load 

=X Gy 

=0.9x5.16 (from Table 5.1, y,=0.9, i.e. minimum 
vertical load) 

=4.6kN/mrun 


L=24m Design vertical stress per m length, ¢, 


AWS 


_ design vertical load 


area 


_ 4.6 10° 


OI By 103, 
Figure 6.4 Wall details for Example 2 clan 


= 0.02 N/mm? 


Characteristic vertical load, G,, at mid-height This value of g, is modified by y,,, which in this case is 
taken as 3.0 for normal category of control for flexure. 
x density /unit length Therefore 


= thickness x a 


(0.4 + 0.02 x 3) 
=0.215x 24 x20 a 
2 ¥ 


=5.16kN/m =0.418 
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If the effect of the vertical load G, is ignored then 1 would 
have been 0.36. The benefit of vertical load is significant in 
multi-storey structures. 


6.3 Moments of Resistance: General 


With the exception of panel wall design, the topic of lateral 
loading is not considered to any great extent in BS 5628. 
However, the application of structural masonry is not lim- 
ited only to vertical loadbearing elements and cladding 
panels to structural frames. Design methods should cover 
all applications of masonry. 


The section which follows is based on principles laid down 
in the Code. These principles have been abstracted, and 
produced in the form given in the Code, as they have more 
general application than in their original context. 


The effects of lateral loading on masonry members were 
discussed at the beginning of this chapter. The three cases 
considered were as follows: 


(1) Entire section in compression — design governed by 
compressive strength requirements. 

(2) Limited tensile stresses developing — design generally 
governed by tensile stress requirements, compressive 
stresses to be checked (particularly for geometric profile 
sections). 

(3) Section cracked, or no tensile resistance due to presence 
of dpc unable to transmit tension — design governed by 
compressive stresses. 


6.3.1 Moments of Resistance: Uncracked 
Sections 


At sections where flexural tension can develop, that is 
uncracked sections and those where continuity is not 
broken by the inclusion of a dpc unable to transfer tensile 
stresses, the design moment of resistance is given by 
the product of the design stress which can develop in the 
section and the section modulus. When considering the 
moment of resistance to bending about a vertical axis, i.e. a 
member spanning horizontally, the design stress will sim- 
ply be the characteristic flexural strength perpendicular to 
the bed joints, divided by the appropriate partial safety fac- 
tor for materials. Thus for members spanning horizontally, 
the design moment of resistance, MR, may be expressed as 
follows: 


= f kx/perp 
Ym 


MR xZ_ (uncracked section) 


where 


fux/perp = Characteristic flexural strength perpendicular to 
bed joints (see Table 6.1) 
Ym = Partial factor of safety for materials (see Table 
5.11) 
Z = elastic section modulus. 


It should be noted that the section modulus for hollow 
blocks should be based on the geometric properties of the 
unit, ie. Z based on the net area of the section, not the gross 
area (see Figure 5.8). 


When considering geometric sections (spanning vertically) 
other than a rectangle section, e.g. diaphragms or fins, the 
outstanding length of flange from the face of the rib or fin 
should be taken as follows: 


(a) 4x effective thickness of wall forming the flange, when 
the flange is unrestrained; 

(b) 6 x effective thickness of wall forming the flange when 
the wall is continuous. 


In no case should this distance be more than half the 
distance between ribs or fins. This consideration affects the 
assessment of the section modulus, and also the other geo- 
metric properties of the section. The requirements are dis- 
cussed further in Chapter 13 which deals with diaphragm 
and fin walls. 


When considering the moment of resistance to bending 
about a horizontal axis, i.e. a member spanning vertically, 
the design stress which may be developed is the sum of the 
design tensile strength parallel to the bed joints and the 
stress due to the design vertical loading. Thus for members 
spanning vertically, the design moment of resistance based 
on tensile stresses, MR, may be expressed as follows: 


fe/pee 
Maa | eer 84 |Z  (uncracked section) 


m 


(see Figure 6.5) 


vertical lateral 
supports 


wall spanning 
horizontally 


design moment of steral load 


acetate horizontally 
MR = kxperp 
Ym 2 
design vertical load 
¢— (producing design vertical 
stress, gy) 


wall spanning 


vertically 
horizontal lateral 
lateral load —_—> supports 
design moment of 
resistance vertically insitu floor 


f 
MR = Pe + a4} Z 


m 


Figure 6.5 Design moment of resistance of laterally 
loaded masonry wall panels 
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rc roof slab characteristic 
dead load G, = 2.0 kN/m 


W, = 0.8 kN/m? 


Figure 6.6 Wall details for Example 3 


where 


fix/par = Characteristic flexural stress parallel to bed joints 
(see Table 6.1) 
Ym = Partial factor of safety for materials (see Table 
5.11) 
8q=design vertical stress due to dead loads, ie. 
7,G,/area 
Z = elastic section modulus. 


Example 3 


Determine the type of brick required, laid in mortar 
designation (ii), for the wall shown in Figure 6.6, assuming 
Ym = 2-5, and density, p= 18 kN/ m°%, if the wall is subject toa 
lateral characteristic wind load of 0.8 kN/m? and is only 
supported along the top and bottom edges. Assume special 
category of control for construction. 


Consider 1 m length of wall: 
Characteristic wind load, W,,=0.8 kN per m height 
Design wind load = y,W, =1.4 x 0.8 = 1.12 kN per m height 
Total design wind load = 1.12 x3 =3.36 kN 
Therefore, applied moment, 

maximum at base = 3.36 x 3/8 =1.26 kN m 


(For the purposes of this example, the wall is treated as a 
propped cantilever.) 


MR > applied moment 
but 
_ f; kx/par 
MR=|—— + g, |Z 
Ym 
Therefore 


135 <A + ea}? 
Ym 


Thus to calculate f,,,/,., required, substitute y,,, = 2.5 (special 
category of control flexure) 


_ YG +7 xhxtx unit length 


tx unit length 


_ 0.9x2x10°+0.9 x 18 x 103 x3 x 0.215 x1 
215 x 10° 


12 249 


Seca 0.057 N/mm“ per metre length of wall 
x 


<— prop 
t=215mm 
no dpc BM diagram 
and 
10° x 2152 
Z= ES 7.7 x 10° mm* per metre length of wall 
Hence 


1.26 x 10° 
hex ar —— — 0.057 | x 2.5 
xian” | 77 x 106 


> 0.267 N/mm? 


From Table 6.1, with mortar designation (ii), any clay bricks 
would be suitable. The brick strength must also be checked 
for compressive stresses, as explained in Chapter 5. 


The maximum design compression stress will occur at the 
base, and will be equal to the sum of the design compres- 
sive stress due to the axial load and the maximum design 
compressive stress due to bending. The required design 
compressive strength of the brickwork must be equal to or 
exceed this stress. This may be expressed as follows: 


design compressive design maximum design 
strength of brickwork compressive | , | compressive 
required (see Chapter 5, stress due to stress due to 
section 5.10) axial load bending 


ie, f, required 5 84 , My, 
Yn B  ZxB 


where 


f,, = characteristic design compressive stress required 
Von = 2:9 
gq = 0.057 N/mm? 
M,=1.26kNm 
Z=7.7x 10° mm? 
B = capacity reduction factor at base level, obtained as 
follows: 


0.75 x 3000 
215 


slenderness ratio = =10.5 


eccentricity at base=zero (see Figure 5.44) 
Thus B = 0.96 (see Table 5.15). 


Hence 


84 My 
i oo + 
f,. required = | B Zx s}= 


0.057 1.26 x 10° 
2 2.5 
0.96 7.7x10° x 0.96 


> 0.57 N/mm? 
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applied moment M, minimum concentric axial 


loading P 
t/2 
Ko assumed dpc level or cracked 
‘knife edge’ section 
support 


section through wall showing exaggerated action of 
stability moment 


Figure 6.7 Stability moment of cracked section 


From Table 5.4 any unit with a compressive strength of 
5 N/mm? or more, laid in mortar designation (ii), will 
provide a characteristic compressive strength greater than 
0.56 N/mm?. 


6.3.2 Moments of Resistance: Cracked 
Sections 


At sections where flexural tension cannot be developed, 
e.g. where the section is already cracked, or where a dpc 
unable to transmit tensile stresses is provided, the design 
moment of resistance to lateral loading is provided solely 
by the self-weight of the member and any net dead load 
about the appropriate lever arm. This stability moment 
must, therefore, be sufficient to resist the applied overturn- 
ing moment due to the lateral loading, and the compressive 
stresses will govern the design. 


This action is illustrated in Figure 6.7. Under the action 
of the applied moment, M,, the section is tending to over- 
turn about the pivot, which, for the present, is assumed to 
be a ‘knife-edge’ support. The tendency to overturning is 
resisted, and stability is provided, by the action of the con- 
centric vertical axial loading about its lever arm, i.e. about 
X, which is equal to approximately half the thickness of the 
section in this instance. This may be expressed as follows: 


t 
M,<Px— 
“ 2 


The necessary factors of safety, etc., must, of course, be 
included — but basically this is the principle involved. 


The assumption of a ‘knife-edge’ support, that is to say non- 
yielding points of contact, is not correct when dealing with 
masonry. The compressive stresses at the edge X would be 
infinitely large. This would cause some local crushing of 
units or mortar, or squeezing of the damp proof membrane, 
if one is present, and increase the contact area. The actual 
width of this contact area, and actual stress distribution 
over it, is complex. In order to simplify the design analysis, 
an equivalent stress block is assumed. In BS 5628, a rectan- 
gular stress block is assumed, the value of the compressive 
strength being taken as the characteristic compressive 
strength of masonry divided by the partial factor of safety. 
Where this stress block is actually shown in the Code 
(Appendix B), the compressive strength is increased by 


w, = assumed width 
of stressed area 


assumed maximum 
compressive stress = 
1.1 fm 


width of section 


Figure 6.8 Equivalent stress block — cracked section 


thickness of section = t 


applied moment due 
to lateral loads = Ma 


applied vertical load 
per unit length = n,, 


\\ 


= 


applied forces and moments 


— > +— leverarm|, 
design stress “4 _ See Ace 
= 1.1 f/Ym Mn stress distribution - assumed 


w,/2 ae w,/2 


vertical reaction R 


Figure 6.9 Equilibrium forces on cracked section 


a factor of 1.1, which relates the assumed compressive 
strength for the rectangular section to the actual stress 
distribution. This factor is included in the following deter- 
mination of the moment of resistance. The stress block 
considered is shown in Figure 6.8. 


As the applied stress is of a local concentrated nature, it is 
not considered relevant to apply the capacity reduction 
factor for slenderness. The assumed width of the stressed 
area, w,, will depend on the vertical loading within the 
wall. The total upward reaction, i.e. stress multiplied by the 
area, must be equal to the applied vertical load in accord- 
ance with the laws of statics, to maintain the equilibrium of 
the section. This is illustrated in Figure 6.9. 


From Figure 6.9, for equilibrium: 
Vertical forces: 

applied external vertical load = internal vertical reaction 
Le. ny=R (1) 


Moments: 


applied external overturning moment about centre line of 
axial load = internal moment of reaction about centre line of 
applied axial load, i.e. lever arm. 


Le. M,=Rxl, 


b l aera 
ut a=|5 > 
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therefore 


Mo2ee |=” (2) 
— 2 2 


The upward reaction, 


R=stress X area 


f 
=1.1 a x w,/unit length 


Vm 
But, from equation (1) 
R=n,, 
f 
therefore ny=l11 vw, 
Wm 
i.e. WwW, = 
1.1f, 


Substituting for R and w, in equation (2): 


t n 
My=n,, wm 
2 11f,x2 
which may be rearranged: 
ny, wm s 
M,y=—|t-—*~|_ (cracked section) 
2 Lf, 


This is the expression for equilibrium, and thus the 
design moment of resistance vertically, MR, is given by the 
expression: 


MR= —|t-—“—= (cracked section) 
2 Lf, 


Note that 1,, is the design load, and therefore includes the 
factor of safety. Note also that the 1.1 factor applied to f, 
does not strictly comply with the formula given in BS 5628, 
clause 36.5.3. However, it is catered for elsewhere in the 
Code (Appendix B). 


Example 4 


Repeat Example 3 assuming a sheet dpc at base level which 
is not capable of transmitting tensile stresses. 


Applied design moment at base M, = 1.26 kN m/mrun. With 
a dpc at the base, the section must be designed as a cracked 
section, and thus the design moment of resistance, MR, 
must be greater than or equal to the applied design moment. 


MR=M, 
My t MWwVm 
= b= > 
2 1A1f, ans 


f,, =characteristic design compressive stress 
Yon = 2.5 
and, from Example 3 
f=215mm 
Ny =VeGu t+ YX PXhxt 
=0.9x24+0.9 x 183 x0.215 =12.25 kN/m 
M,=1.26kN m 


where 


Hence 


f, required = 


12.25 x 2.5 x 103 
6 
2 x 1.26 x 10 Jao 


1.1] 215 — 
12.25 x 103 


> 2.99 N/mm? 


From Table 5.4, units with a compressive strength of 
10 N/mm? or more are required, laid in mortar designation 
(ii). The compressive strength of the wall should also be 
checked where the capacity reduction factor, B, is a max- 
imum. The characteristic flexural tensile stress required 
should be determined at the point of maximum bending 
moment in the span, and at this point will be based on an 
uncracked section. 


6.4 Cavity Walls 


When cavity walls are subject to lateral loading, usually 
only one leaf is loaded. For example, in the case of external 
wind loading (and no internal pressure), it is only the exter- 
nal leaf of the cavity which is loaded. The other leaf can 
only contribute to the resistance if (a) the two leaves are 
joined in such a way as to act together (as in the case of 
diaphragm walls), or (b) the load is transmitted to the other 
leaf of the wall and is shared in some ratio between the 
two leaves. 


In order to achieve the first option, the connection between 
the two leaves must be able to transmit both horizontal 
and vertical internal shear stresses. The standard types of 
wall ties, i.e. vertical twist, butterfly and double-triangle, 
manufactured in accordance with BS EN 845, are not strong 
enough to transmit these stresses across a cavity. However, 
when provided at the spacing recommended in BS 5628, 
clause 29.1, this will ensure that the applied lateral load- 
ing is shared between the two leaves, as illustrated in 
Figure 6.10. 


It should be noted that wall ties are required to resist both 
tensile and compressive loads and the capacity in compres- 
sion is greatly affected by the cavity width. Many wall ties 
used today do not match the descriptions in previous 
British Standards, but will need to be carefully chosen since 
the new specification for ancillary components for masonry 
BS EN 845-1 requires the suppliers to provide technical 
information on wall ties, rather than being specified in the 
BSEN. 


Where the load is carried by one leaf only, the loadbearing 
capacity of the wall should be based on the horizontal 
cross-sectional area of that leaf alone, although the stiff- 
ening effect of the other leaf can be taken into account 
when calculating the slenderness ratio. Each leaf of a cavity 
wall should be not less than 75 mm thick. The width of the 
cavity may vary between 50 mm and 150 mm but should 
not be wider than 75 mm where either of the leaves is less 
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<— support 
= pp 
> 
lateral —> 
load —> 
=> 
“a <— support 
deflected shape — outer leaf 
only loaded 
section — no ties 
< support 
= pp 
lateral —> ties — in accordance with 
load  —> BS 5628 cl 29.1 
=> 
=> 


<— support 


deflected shape — load 
transmitted to inner leaf via 
ties — both leaves loaded 


section 


Figure 6.10 Wall ties effect on laterally loaded cavity 
wall behaviour 


than 90 mm in thickness. In special circumstances and with 
appropriate supervision, the width of the cavity may be 
reduced below 50 mm. 


6.4.1 Vertical Twist Ties 


With vertical twist type ties, or ties of equivalent strength, 
the loading is considered to be fully transmitted by the ties 
from the outer leaf to the inner leaf. The two leaves will thus 
deflect together to support the applied loading. Note that 
traditional fishtail ends to vertical twist ties are not per- 
mitted on health and safety grounds. 


Under the action of loading, the two leaves must deflect to 
a similar profile, and the amount of deflection of each leaf 
must be similar, otherwise they will move apart. If both 
leaves have the same moment of inertia, J, modulus of 
elasticity, E, and length, L, the load will be shared equally 
between the two as the deflection, which is measured 
in terms of EI/L, will be similar. If one leaf has a greater 
moment of inertia than the other, a greater load will be 
required to produce the same deflection as the leaf with 
the smaller moment of inertia. 


Thus the leaf with the greater moment of inertia will resist 
a greater load than the leaf with the smaller moment of 
inertia. That is to say, the load resisted by each leaf will 
be in proportion to its stiffness, as measured by the 
quantity EI/L. But, as E and L are generally similar for each 
leaf of a cavity wall, the proportion may be based on the 
Ivalue. 


With regard to the cavity wall with differing I values for 
each leaf, shown in Figure 6.11, if W, is the load on leaf 1, 
W, x L? 
deflection, 5, = eae, 
384 x E, x I, 


and W, is the load on leaf 2, 


ties omitted for clarity 
< support 


lateral 


I, aA 
pi i<——-_ deflected shape 
load Z|! 


Viv 


<— support 
both leaves of equal | value 


deflection = 5, = - - deflection = 8; 


< support 


leaf 2 


1 
' 
' 
' 
' 
' 
' 
' 
1 


‘<— support 
leaves of differing | values 


Figure 6.11 Effect of differing leaf thickness in cavity 
wall behaviour 


W, x L3 
deflection, 5, = Rinal tate 
384 x E, x I, 


But, deflections must be equal, i.e. 8, = 8,, and here, E, = E, 
and L, =L,. 


Thus 


But the total lateral load, W= W, + W,. 
ie. W,=W-W, 
Substituting this in the above equation 


W, _ W-W, 
[, 7 L, 


Multiply by I, x I, then 
W,L, = WL, - W,L, 


which becomes 


That is to say, the load on leaf 1 is obtained from the 
total load in proportion to the moment of inertia of leaf 1. 
Similarly, the load on leaf 2 will be in proportion to its 
moment of inertia. 


When dealing with cavity walls with vertical twist ties, 
or equivalent, the applied design load may, in accordance 
with BS 5628, be apportioned between each leaf of the 
wall in proportion to its moment of inertia, related to the 
sum of the moments of inertia for each leaf. Each leaf may 
then be designed to produce a moment of resistance to this 
loading on the basis of a cracked or uncracked section, as 
appropriate. 


The design lateral strength for a cavity wall tied with ver- 
tical twist-type wall ties or ties with equivalent strength and 
stiffness should be taken as the sum of the design lateral 
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strengths of the two leaves, allowing for the additional 
strength of any piers bonded to one or both of the leaves. 


Where butterfly or double-triangle ties are to be used, the 
design lateral strength of the cavity wall may be taken as 
the sum of the design lateral strengths of the two leaves, 
provided that the ties are capable of transmitting the com- 
pressive forces to which they are subjected; when the ties 
are not capable of transmitting the full force, the contribu- 
tion of the appropriate leaf should be limited accordingly. 


When it is required to check the compressive resistance of 
the ties, or to assess the strength required for another type 
of tie to be considered equivalent to a vertical twist tie, the 
Code states that (apart from double-triangle and wire but- 
terfly ties) the appropriate value of the load in tension may 
be used for the compression load. 


There are now many varieties of ties available, particularly 
to replace fishtail ties which have sharp edges and should 
not be used. The designer will need to refer to the manufac- 
turer’s information to obtain design values of any tie particu- 
larly in tension and compression. 


6.4.2 Double-triangle and Wire Butterfly Ties 


When double-triangle or butterfly ties are used, the load- 
ing may, in accordance with BS 5628, be apportioned as 
described in section 6.4.1, provided that the ties are capable 
of transmitting the compressive forces to which they are 
subjected. The Code states that for double-triangle and 


wire butterfly ties laid in mortar designation (i), (ii), (iii) or 
(iv), the characteristic compressive resistance may be taken 
as 1.25 kN and 0.5 KN respectively, where the width of 
the cavity is no more than 75 mm, and 0.65 kN and 0.35 kN 
for cavities up to 100 mm wide. Butterfly ties are only re- 
commended for minor structures. 


In cases where these types are not capable of transmitting 
the necessary compressive loading, the loaded leaf will be 
required to resist a greater proportion of the applied load- 
ing or specially designed ties could be used. Values for the 
characteristic strengths of wall ties are given in Table 6.5, 
later in this chapter. 


6.4.3 Selection of Ties 


The required spacing of ties is given in clause 29.1.5 of the 
Code and the criteria for selection of ties including their 
spacing is given in Table 6.2. The spacing may be varied, 
provided the number of ties per square metre on elevation 
is not less than the values given in the table. Additional ties 
may be necessary around the sides of openings. 


The minimum embedment of a tie in a mortar joint should 
be 50 mm in each leaf. The width of the cavity may vary be- 
tween 50 mm and 150 mm but, in accordance with the Code, 
may not be wider than 75 mm where either of the leaves is 
less than 90 mm in thickness. However, the Code does allow 
that in special circumstances, with appropriate supervi- 
sion, the width of the cavity may be reduced below 50 mm. 


Table 6.2 Selection of wall ties: types and lengths (extended from BS 5628: Part 1: 2002, Table 6) 


Least leaf thickness Nominal cavity Permissible type of tie Tie length? Tie spacing density 
(one or both) (mm) width (mm) (mm) (number of ties/m2) 
Shape name? in Type member? in 
accordance with BS 1243 accordance with 
(now superceded) DD 140: Part 2 
75 75 or less Butterfly®, double 1,2,30r4 175 4.9 
triangle or vertical twist 
90 75 or less Butterfly*, double 1,2,30r4 200 
triangle or vertical twist 
90 76-90 Double triangle? or 1or2 225° 2.5 
vertical twist 
90 91-100 Double triangle? or 1or2 225 
vertical twist 
90 101-125 Vertical twist 1or2 250 
90 126-150 Vertical twist 1or2 275 


? The strength and stiffness of masonry/masonry ties in accordance with DD 140 range from type 1, the stiffest, to type 4 the least 
stiff. For ties complying with BS 1243, the vertical twist is the stiffest and the butterfly the least stiff. 

’ This column gives the ties lengths, in 25 mm increments, that best meet the performance requirement that the embedment depth 
will be not less than 50 mm in both leaves, after taking into account all building and material tolerances, but that also the ties 
should not protrude from the face. The designer may vary these in particular circumstances provided that the performance 
requirement is met. 

© The minimum length requirement exceeds the maximum specified under BS 1243 but 225 mm double triangle format ties, which 
otherwise comply with BS 1243, should be suitable. 

4 Double triangle ties of shape similar to those in BS 1243, having a strength to satisfy type 2 of DD 140: Part 2, are manufactured. 
Specialist tie manufacturers should be consulted if 225 mm long double-triangle format ties are needed for 91 mm to 100 mm 
cavities. 

© Butterfly ties should only be used for minor structures 
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Where large uninterrupted expanses of cavity walling are 
constructed, the differential movements due to thermal 
movement, elastic shortening under load, etc., between the 
two leaves of a wall may cause loosening of the ties. The 
heights and lengths of the external cavity walls should, 
therefore, be limited for this reason, in addition to any 
movement joint requirements. 


The Code recommends that the outer leaf should be sup- 
ported at intervals of not more than every third storey, or 
9 m, whichever is less. For buildings not exceeding four 
storeys, or 12 m in height, whichever is less, the Code con- 
siders it satisfactory for a wall to be uninterrupted for its 
full height. These requirements should be carefully consid- 
ered in conjunction with the requirements for movement 
joints, as discussed in Appendix 3. These heights are con- 
sidered by the authors to be an absolute maximum. Greater 
frequency of support should be provided, where possible. 


6.4.4 Double-leaf (Collar-jointed) Walls 


When a wall is constructed of two separate leaves with a 
vertical joint not exceeding 25 mm wide between them, i.e. 
a cavity wall with a very narrow cavity, in accordance with 
the Code it may be designed as a cavity wall, or as a single- 
leaf effectively ‘solid’ wall — with an effective thickness 
equal to actual overall thickness — provided the following 
conditions are satisfied. 


(1) Each leaf is at least 90 mm thick. 

(2) For concrete blockwork, the characteristic compressive 
strength, f,, (see Chapter 5) should be multiplied by 0.9. 

(3) If the two leaves of the wall are of different materials, 
e.g. one leaf clay bricks and the other concrete blocks, it 
should be designed for assessment of strength require- 
ments on the assumption that it is entirely constructed 
of the weaker strength units. The possibility of differ- 
ential movement between the two differing materials 
should be considered, and additional joints, etc., pro- 
vided if required. 

(4) The vertical load is applied to both leaves, and the 
eccentricity of the vertical load does not exceed 0.2t, 
where ¢ is the overall thickness of the wall, i.e. two 
leaves plus the vertical joint thickness. 

(5) Flat metal wall ties of cross-sectional area 20 mm x3 mm 
are provided at centres not exceeding 450 mm both 
horizontally and vertically. Alternatively, an equivalent 
mesh may be provided at the same vertical centres. 

(6) The minimum embedment of the ties into each leaf is 
50 mm. 

(7) The vertical ‘collar’ joint between the two leaves is 
solidly filled with mortar as the work proceeds. This, 
perhaps, is the most difficult requirement to ensure is 
properly carried out. Solidly filling a narrow vertical 
joint between two leaves of masonry is not as easy as 
filling the perpend joints between individual units and, 
because of the additional time and labour involved, 
there is always a possibility that it will not be done thor- 
oughly. It is also very difficult to check that the work 
has been completed satisfactorily. Thus if this type of 
wall is to be designed and used as a ‘solid’ wall, particular 


attention must be paid to the supervision of the work, 
and the operatives should be made fully aware at the 
outset of the standard of workmanship that is required. 


6.4.5 Grouted Cavity Walls 


In the case of cavity walls with a cavity of between 50 mm 
and 100 mm filled with concrete, the wall may be designed, 
in accordance with the Code, as a single-leaf wall, i.e. effec- 
tively a solid wall, the effective thickness being taken as 
equal to the actual overall thickness, subject to the follow- 
ing conditions: 


(1) The concrete has a 28 day strength not less than that of 
the mortar. 

(2) Requirements (1), (3), (4), (5) and (6) for collar-jointed 
walls (see section 6.4.4) are complied with. 


It should be noted that the grouting operation needs to be 
undertaken in stages to avoid the pressure of the fresh 
grout exceeding the capacity of the ties, bearing in mind 
that the mortar may not be at full strength. 


6.4.6 Differing Orthogonal Ratios 


For cavity walls in which the two leaves have different 
orthogonal ratios (see section 6.2.1), the Code recommends 
that the applied lateral load should be shared between 
the two leaves in proportion to their design moments of 
resistance. This requirement is subject, of course, to sections 
6.4.1 and 6.4.2 regarding the transfer of loading between the 
two leaves. The orthogonal ratio is mainly used for panel 
walls — thus design is usually related to uncracked sections. 
The section modulus, Z, used in the analysis of such sec- 
tions, is related to the moment of inertia and hence to the 
relative stiffness of each leaf. 


6.5 Effective Eccentricity Method of Design 


As explained in the introduction to this chapter, vertical 
loading on a member tends to increase its resistance to 
bending. As shown in Figure 6.2, case 1, where the vertical 
loading is sufficiently large, the internal stresses within the 
section are compressive throughout the section. In such 
cases, an effective eccentricity may be obtained. The applied 
moment on the section, due to the lateral loading, may be 
replaced by the actual axial loading at some eccentricity to 
the centre line, as illustrated in Figure 6.12. 


The section may then be designed, as described in Chapter 5, 
for an axial load applied at an eccentricity of e,,. The design 
compressive stress may then be assessed using Table 5.15, 
based on an eccentricity at the top of the member, ¢,,, 
and the compressive stress would be load/area with no 
increase for M/Z due to the eccentricity, as this has been 
taken into account in the capacity reduction factor, B. 


Example 5 


The brick wall shown in Figure 6.13 is subject to a uniformly 
distributed vertical line loading of 50 kN/m run (design 
load) applied along the centre line. The wall is simultan- 
eously subject to a design lateral load of 0.8 KN/m?. 
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applied concentric axial load ‘P’ 
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stresses on ‘uncracked’ section 
= P/A+M,/Z where A = area of 
wall and Z = section modulus 


similar stress distribution will 
be produced if the load P is 
applied at an eccentricity of e,, 
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applied at an effective 
eccentricity of eg; 


Figure 6.12 Eccentricity method of design for laterally 
loaded masonry walls 
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Figure 6.13 Wall details for Example 5 


The end conditions are obviously important in determining 
the applied bending moment but, for this example, assume 
that the bending moment due to the lateral loading may 
be taken as wL?/8 for simplicity of analysis, the wall being 
considered to span simply supported between top and 
bottom lateral restraints. 


Therefore 


design bending moment = 0.125 x 0.8 x 2.67 
= 0.676 kN m/m length 
design axial load =50 kN/m length 


Therefore, resultant effective eccentricity, ¢,. 


_ 0.676 x 10° 
~ 50x 103 


= 13.52 mm 


Eccentricity, as proportion of t, = 1, i.e. 0.06t. 
The slenderness ratio of the wall = The = 70 
te 215 
=12.1 


Thus from Table 5.15, the capacity reduction factor, B, for 
the wall with combined axial and lateral loading will be 
given as follows: 


Slenderness ratio = 12 


Therefore for eccentricity at top of wall, e, =0—0.5t, B =0.93 
and for e, =0.1t, B = 0.87 


Thus by interpolation, for e, = 0.06t, B = 0.92 


Determination of the brick strength and mortar designation 
is then carried out as described in Chapter 5. 


6.6 Arch Method of Design 


6.6.1 Vertical Arching 


As an alternative to the effective eccentricity method for 
walls and columns under axial loading, another method 
of design is given in the Code, based on the formation of a 
vertical arch. 


There are various prerequisites to the use of this method 
relating to the supports, the design load and the dimen- 
sions of the panel, which must be fulfilled in each case. It is 
felt by the authors that there are certain dangers in the use 
of this design method, unless these requirements are most 
strictly complied with. In addition, careful thought should 
be given to the requirements in respect of practical con- 
siderations. For example, the development of arch thrusts 
requires rigid supports. The provision of concrete floors, 
etc., may afford adequate restraint. However, concrete and 
masonry move differentially, and cracks may develop at 
the junction of the two materials, which may invalidate 
design assumptions. Similarly, the vertical axial load avail- 
able to resist the arch thrust must be carefully analysed. 
It will generally be the characteristic dead load, but the 
dispersion of vertical loading to other parts of the structure 
may reduce the actual load available to resist the arch 
thrust. Alternatively, the dead load at the time of applying 
the lateral load may be less than in the final condition if, for 
instance, a basement retaining wall is back-filled at an early 
stage and before additional vertical loading is available 
from the superstructure. All these aspects require very 
close scrutiny before this method of analysis is considered 
suitable. 


The formula given in the Code is based on the following 
analysis, for which reference to Figure 6.14 should be made. 
The member is considered to behave under ultimate con- 
ditions in the ‘three-pinned arch’ mode of failure, under the 
action of a lateral loading, q,,,, and a vertical axial load, n. A 
small crack develops, and hinges form at positions A, B and 
C (see Figure 6.14). The member deflects slightly and an 
arch ABC is formed within its thickness. 
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B 4 thickness = t 
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Figure 6.14 Vertical arching behaviour 


Taking moments about C: 


Weegee = hqiat gi 


2 =A 2 2 
but, as the deflection, 6, is very small (f — 5) can be taken as t. 


Substituting and rearranging in the above equation, the lat- 
eral loading, q,,,, may be expressed as follows: 


8nt 
Nat = FE 


A general factor of safety is then applied to this expression 
to obtain the design lateral strength of the wall. This general 
factor of safety is taken in the Code to be equal to 2. The 
actual factor of safety, in this instance, is not a partial factor 
of safety for materials, as no material strengths are directly 
involved. It is simply a numerical value which is being used 
but, in view of the caution expressed earlier, perhaps a 
more onerous safety factor should be employed. 


As discussed in section 6.3.2, the assumption of a pin, i.e. 
knife-edge, support is not correct, and the points of contact 
A, Band C will have some finite width parallel to the thick- 
ness of the wall. The width of this bearing will have the 
effect of marginally reducing the lateral strength, and nor- 
mally this can be assumed to be well catered for within the 
general factor of safety adopted. 


Thus in accordance with BS 5628, the design lateral strength 
of an axially loaded wall or column may be determined 
from the following formula: 


where 


Jar— design lateral strength per unit area of wall or 

column. 

n= axial load per unit length of wall available to resist 
the arch thrust. For normal design it should be 
based on the characteristic dead load. When consid- 
ering the effects of misuse or accident, it should be 
the approximate design load (see Chapter 8). 

h,=Clear height of wall or column between concrete 
surfaces or other construction capable of providing 
adequate resistance to rotation across the full thick- 
ness of a wall. 

t= actual thickness of wall or column. 


insitu rc floor 


characteristic dead load 
G, from floors and walls 
over = 25 kKN/m run 


3450 mm l= ae 


assume special 
construction and 
manufacture control 


insitu rc floor 
section 


Figure 6.15 Wall details for Example 6 


This formula may be used provided that the wall is con- 
tained between concrete floors affording adequate lateral 
support and adequate resistance to rotation across the full 
width of the wall. The reduction of the safety factor to a 
numerical value of only 2.0 in the 1992 reprint of BS 5628: 
Part 1 and maintained in the 2002 reprint is not encouraged 
by the authors, but rather that a value between 2.5 and 3.5 
be used similar to material safety factors. 


The stresses occurring at dpc level, and the effectiveness of 
the lateral restraints in resisting the horizontal forces, must 
also be considered. The axial stress due to n, or the appro- 
priate design load, must not be less than 0.1 N/ mm, and 
the h,/t ratio must not exceed 25 in the case of narrow brick 
or block walls, or 20 for all other types of wall. 


Example 6 


Determine the design lateral strength of the wall shown in 
Figure 6.15. (In this example the safety factor employed has 
been left as 2.5 because of the concerns expressed earlier 
about the design method.) 


From Table 5.11, y,,=2.5 
and from Figure 6.15, 1 =25 kN/m run 
t=215mm 
h,=3450 mm 


Thus considering 1 m length of wall: 


8x 0.215 x 25 


design lateral strength, q,,,= 3.45* x 2.5 
e XL. 


= 1.45 kN/m height 


ie. design lateral strength of wall = 1.45 kN/m? on 
elevation. 


Thus the wall is capable of resisting a design lateral loading 
of 1.45 kN/m‘’ on elevation, i.e. 


y,W, = 1.45 kN/m?2 


The strength of the units required and the mortar should 
then be determined as in Chapter 5, the stresses due to the 
lateral loading being ignored as far as this part of the design 
is concerned. 
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Figure 6.16 Wall details for Example 7 


Table 6.3 Design lateral strength with returns = k Xx qj. 
(BS 5628, Table 10) 


Number Value of k 
of returns 
ae 0.75 1.0 2.0 3.0 
hs 
1 1.6 1.5 1.1 1.0 
2 4.0 3.0 1.5 2 


The lateral strength is an inherent property of the wall, rela- 
tive to the particular vertical loading being considered. On 
the basis of the formula given in the Code, it should be 
noted that the lateral strength varies in direct proportion to 
the characteristic dead load, and in inverse proportion to 
the square of the height of the member. 


6.6.2 Vertical Arching: Return Walls 


In situations where walls or columns are considered suitable 
for design on the basis of vertical arching (see section 6.6.1), 
and are supported by return walls of suitable strength, 
the design lateral strength may be increased. If such return 
walls are provided, a proportion of the applied loading will 
be resisted by horizontal spanning of the member, decreas- 
ing the amount to be resisted by vertical spanning. The 
return walls must, of course, be capable of resisting the 
horizontal reactions transmitted to them. The Code pro- 
vides for an increase in the value obtained from the formula 
for the design lateral strength. The amount of the increase 
depends on whether return walls are provided on one 
or both sides, and on the ratio of the clear height, h,, to the 
length, L, of the member. Values for the appropriate 
modification factor, k, to be applied to the design lateral 
strength obtained from the formula in section 6.6.1 are 
given in Table 6.3. 


Example 7 


Determine the design lateral strength of the wall in Figure 
6.15, if it is provided with returns, as shown in Figure 6.16. 


Modification factor, k: 


L=6.4,h,=3.45 


return walls 


area of lateral 
loading assumed 
to be resisted by 
return walls 


return walls 


elevation 


Figure 6.17 Lateral load distribution to supporting 
walls 


Therefore, L/h, = 1.85, i.e. two returns. 


Thus from Table 6.3, the modification factor may be taken 
as k = 1.5, although by interpolation a higher value could 
be found. 


Thus 


design lateral strength = kq,,,= 1.5 x 1.45 
= 2.18 kN/m’ on elevation 


The return walls should, of course, be checked to ensure 
that they are capable of resisting the horizontal reactions. 
The appropriate method of design is given later in this 
chapter. The loading on the walls may reasonably be as- 
sumed to be that on the area of wall on elevation, enclosed 
by lines drawn at 45° to the corners, as illustrated in Fig- 
ure 6.17. 


6.6.3 Horizontal Arching 


In the case of walls with minimal axial loading, but which 
are built ‘solidly’ between supports capable of resisting an 
arch thrust, the Code provides a method of design based on 
the assumption that, under lateral loading, a horizontal 
arch is developed within the thickness of the wall. A similar 
assumption could be made when a number of walls are 
built continuously past supports (see Figure 6.18). 


The warnings given in section 6.6.1 are equally applicable 
when horizontal arch thrusts are being considered. A small 
change in the length of a wall in arching can considerably 
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resisting arch thrust eg rc 
/ column 


horizontal lateral supports 
eg structural steel columns 


a ar Al 


ties as necessary 


walls built continuously past 
supports 


NB the requirements for movement joints should be 
carefully considered 


Figure 6.18 Horizontal arching opportunities 


reduce the arching resistance. Very careful consideration 
is required as all masonry will move, either expanding or 
contracting, due to the effects of temperature, moisture, etc. 
In practice, it is also difficult to butt masonry tightly to the 
flanges of steel columns, etc. 


Longer lengths of masonry should always be provided 
with joints, and the position of the joints should be consid- 
ered before this method of analysis is adopted. Designers 
must make certain that no joints are introduced into walls 
which have been designed on the basis of arching. 


Unlike vertical arching, which is essentially an inherent 
property of an axially loaded wall, horizontal arching has 
to be assessed on the basis of the applied lateral loading, the 
compressive strength of the masonry, and the effectiveness 
of the junction between the wall and the supports. The 
effectiveness of the wall/support junction, and the ability 
of the support to satisfactorily resist the arch thrust, with- 
out, for example, excessive deflection, which would invalid- 
ate the design assumptions, require careful attention to 
detail. In particular, the wall/support junction should be 
solidly filled with mortar. 


The design analysis given in the Code is shown in Figure 6.19 


arch thrust = T 


i<—» thickness = t 
LxXqia/2 A 


width of bearing = 
t/10 


deflection =6 —>| 
arch rise 
=t-6-t/10 


LX iat/2 —> 
B 


arch thrust = T 


Figure 6.19 Horizontal arching behaviour 


and is similar to that for vertical arching. However, the width 
of the bearing at the assumed ‘pinned’ joints, see section 6.6.1, 
is taken as one tenth of the wall thickness — the method 
adopted being similar to the design of cracked sections (see 
section 6.3.2). 


From Figures 6.19 and 6.20, taking moments at centre line 
of bearing C for the external forces 


LoL t i 
x—x—=TI/t-56 + xx 
fiat * 5 "5 7 fiat * 5 


But 


arch thrust, T = bearing stress x area 


= 15/6 x - per unit height 


Therefore 
v | ee: t v 
=15 x t-96 + 
Tat Ym 10 7 Tats 


The Code recommends that, if the ratio of length to 
thickness, i.e. L/t, is 25 or less, the deflection under the 
design lateral load can be ignored. If L/t exceeds 25, then 
allowance should be made. 


Thus if L/t < 25, 6 is assumed = 0. 


2 
108 _f, t 
100 Y,, L 
Considering the design assumptions, etc., the factor 


(108/100) is ignored, and this formula is then given in the 
Code as the design lateral strength: 


f(t) 
- lk |= 
Nat Yon a 


length =L 
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Figure 6.20 Enlarged detail at A (Figure 6.19) — 
bearing Cand B are similar 


rc columns 


Ne t=215mm 
eh 


clear span between rc columns 
= 4600 mm 


Figure 6.21 Wall details for Example 8 


where 


Jat = design lateral strength per unit area of wall 
t = overall thickness 
f,, =characteristic compressive strength of masonry (see 
Chapter 5) 
L=length of wall 
Ym = Partial factor of safety for materials (see Table 5.11). 


The Code also states that the supporting structure has to 
be designed to be capable of resisting the arch thrust with 
negligible deformation. 


Example 8 


Determine the compressive strength required for bricks 
in the wall shown in Figure 6.21, to resist a design lateral 
loading, of 3.3 kN/ m°. The bricks are to be laid in mortar 
designation (ii), and y,, = 2.5 (special). 


Applied design lateral loading = 3.3 kN/ m 
Therefore, design lateral strength, q,,,, required = 3.3 kN/ m? 
L/t=4600/215 = 21, i.e. L/t < 25 and therefore 


f(t) 
ee Do |eaae 
Nat Yn | 


Therefore, knowing q,,, required: 


Narrequired) x y,,, 
(t/L? 
3.3.x 2.5103 
(215/4600)? 


f, (required) = 


=3.78 N/mm? 


Thus from Table 5.4, with mortar designation (ii), units 
with a compressive strength of 10 N/ mm? are required. 


t 
ost ae 


Y 
lever arm = t/2 fy 
Y W = self-weight 


“yy 
M 


| 
moment of resistance to 
overturning = W x t/2 


Figure 6.22 Freestanding wall section 
6.7 Free-standing Walls 


6.7.1 General 


Free-standing walls may be external boundary walls, para- 
pet walls or internal walls where no restraint is provided to 
the top or sides of the wall. They are designed as vertical 
cantilevers, allowance being made for the stability moment 
due to the self-weight of the wall. 


Consider a section of wall as in Figure 6.22. When a lateral 
loading is applied to the wall, the tendency to overturn will 
be resisted by a moment due to the product of the self- 
weight of the wall and the lever arm. The lever arm being 
the distance from the line of action of the self-weight of the 
wall and the point about which the wall is tending to over- 
turn. This moment is termed the stability moment (see also 
section 6.3.2). 


The walls are designed to cantilever, either from the top 
of the foundations or from the point of horizontal lateral 
restraint — provided that the restraint is capable of resisting 
the horizontal reaction or shear from the wall. When stiffer 
elements, such as piers, are introduced into a free-standing 
wall, the sections of wall between the piers may be designed 
as panel walls supported on three sides, or spanning hori- 
zontally (see later, section 6.9) and the piers themselves 
designed as cantilevers to resist the reactions from the 
panel. The Code recommends that the mortar used for free- 
standing walls should not be weaker than designation (iii). 
In addition, it recommends limiting the height of a free- 
standing wall to twelve times its effective thickness. 


6.7.2 Design Bending Moments 


The calculation of the design bending moments of a free- 
standing wall is based on simple statics, the design bending 
moment on a wall being assessed by taking moments about 
a particular point. As shown in Figure 6.23, when a wall is 
subjected to a uniformly distributed wind loading of W,, 
and horizontal line loading of Q,, the bending moment is 
obtained as follows: 


Qx 


w 
h, . 


a se ae) 


e 


Figure 6.23 Free standing wall behaviour 
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Figure 6.24 Wall details for Example 9 


Total characteristic wind load = W, xh per unit length 
Applied design wind load = W,hy, per unit length 


Applied design bending moment, M,, 
about face of wall due to wind = load x lever arm 
= Wry x h/2 


Characteristic imposed lateral load = Q,. 
Applied design imposed lateral load = y,Q,. 


Applied design bending moment, M,, 
about face of wall due to imposed load = load x lever arm 
=7,Q, ty, 


Therefore, total design bending moment, 
Ma=W,y;h?/24 Qh, 


where 


W,,=characteristic wind load (see section 5.2) 
¥; = partial safety factor for loads (see section 5.3; note: 
factors only applicable to free-standing walls, Table 
5.1) 
h=clear height of wall or pier above restraint, assum- 
ing moments taken about this point 
Q,.=characteristic imposed load (see section 5.2) 
h,, =vertical distance between the point of application of 
the horizontal load, Q,, and the lateral restraint — 
assuming moments taken about this point. 


Example 9 


A 6 m high internal free-standing wall in a bus depot is to 
be designed for an internal wind loading of 0.2 kKN/ m2, and 
an imposed loading of 0.74 KN/m run froma handrail fixed 
to the wall 1.0 m above floor level (see Figure 6.24). 

Y¢= 1.2 (see Table 5.1). 
Design wind load =0.2x6X1.2=144kN/mrun 


Design imposed load =0.74x1.2 =0.89kN/mrun 


Design bending moment = (1.44 x 6/2) + (0.89 x 1.0) 
=4.32+0.89 =5.21kN/mrun 


6.7.3 Design Moment of Resistance 


The design moment of resistance must be assessed on the 
basis of either an uncracked or a cracked section, in accord- 
ance with sections 6.3.1 and 6.3.2, depending on whether a 
damp proof course capable of transmitting the tensile 
stresses is included. In external boundary walls, the damp 


proof course often consists of two courses of engineering 
bricks, which would probably be capable of transmitting 
the tensile stresses. In order to achieve the best use of 
materials, free-standing walls are often built in geometrical 
configurations other than the usual rectangular section. 
Fin walls and diaphragm walls are suitable, as also are 
chevron, curved and zig-zag walls. The relevant section 
properties should be used, therefore, when deriving the 
design moment of resistance for each particular section 
being considered. 


6.8 Retaining Walls 


Retaining walls are generally considered to be free-standing 
walls retaining earth, liquid or stored material, on one side. 
The design procedure is similar to that for free-standing 
walls, as discussed in section 6.7. According to BS 5628, the 
earth pressure should be treated as an imposed load, and 
the characteristic value taken as the active pressure in 
accordance with the relevant code of practice for earth- 
retaining structures. 


6.9 Panel Walls 


In section 6.7, free-standing walls were considered — a free- 
standing wall generally being considered as a wall with 
no restraint at the top and sides, and little or no imposed 
vertical loading. Such walls behave as vertical cantilevers. 
In section 6.6, the lateral strength of axially loaded walls 
was discussed, and from this the increased lateral resis- 
tance of a wall, due to the application of a vertical imposed 
loading, was demonstrated. 


In buildings, walls are seldom free-standing, being usually 
continuous past floors, and with return walls, columns or 
piers providing restraint to the sides. Thus the wall is no 
longer a simple vertical cantilever, and may be continuous 
in one or two perpendicular directions. If such a wall also 
performs a supporting function, in addition to its enclosing 
or cladding function, the increased lateral resistance due 
to the vertical loading will mean that the panel is much 
stiffer in the vertical direction — providing most resistance 
in this direction and spanning vertically. If, on the other 
hand, the wall does not perform a loadbearing function 
by supporting the vertical loading, and acts merely as a 
cladding, it is often termed a ‘panel wall’. The term is usu- 
ally applied to a non-loadbearing cladding wall supported 
by a structural frame. Walls of this kind are subjected to 
mainly lateral loading, with little or no vertical loading 
other than their self-weight. However, this is structurally 
wasteful of the high capacity of masonry to support vertical 
loading. 


6.9.1 Limiting Dimensions 


BS 5628 recommends various limiting dimensions to 
ensure that panel walls are not too slender. The recom- 
mended heights and lengths vary according to the support 
conditions at the panel edges. Figures 6.25—6.27 show typ- 
ical examples and provide relevant values for masonry set 
in mortar designations (i) to (iv) designed in accordance 
with the Code. 
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continuous 
supports 


+— continuous 
supports 


continuous or simple support 


hxL< 1500t3, 
where t,; is the effective thickness 


but neither h or L to be greater than 50 x te; 


two or more sides continuous 


hxL< 135083; 
wheret,;is the effective thickness 


but neither h or L to be greater than 50 xt, 
all other cases 
(a) Panel supported on three edges 


Figure 6.25 Limiting dimensions for three sided wall 
panels 


continuous support 


continuous —>gJ 
supports 


continuous or 
simple supports 


continuous support 


hxL < 2250t3; 
where t,,; is the effective thickness 


but neither h or L to be greater than 50 x tg; 


three or more sides continuous 


hxL <2025t2, 
where t,; is the effective thickness 


but neither h or L to be greater than 50 x te; 


all other cases 


(b) Panel supported on four edges 


Figure 6.26 Limiting dimensions for four sided wall 
panels 


h < 40t 
where t,; is the effective thickness 


(c) Panel simply supported top and bottom 


Figure 6.27 Limiting dimensions for wall panels simply 
supported top and bottom 


The bending moments and shear forces capable of being 
resisted by panel walls vary with the edge support condi- 
tions. Panels may be simply supported, fully continuous or 
free, depending on the support condition at any particular 
edge. Supports are generally formed vertically by piers, inter- 
secting or return walls, or steel or concrete columns. Lateral 
supports are provided by roofs, floors and foundations. 


A simple support may be assumed where a panel is 
adequately tied to the supporting structure with metal 
wall ties, or similar. ‘Tied’, in this context, means a connec- 
tion capable of resisting the tensile or compressive load, 
depending on the direction of loading which, in the case 
of wind load, may be in both directions, as wind loading 
is reversible. The supporting structure must obviously 
be able to resist the applied loading, and the wall ties or 
other fixings should be designed to transfer this loading 
(see section 6.9.2). A simple support may also be generally 
assumed where a dpc occurs, although the effectiveness of 
the support provided should be checked by calculation. 


Continuity may be assumed where masonry is provided 
with return ends, or is continuous past and tied to a column 
or beam. (Again, in all cases, the supporting structure must 
be capable of resisting the applied loading.) In the case of 
cavity walls, only one leaf need be continuous, provided wall 
ties are used (see section 6.4.3) between the two leaves and 
between each section of the discontinuous leaf and the sup- 
port. Where the leaves are of differing thickness, the thicker 
leaf should be continuous in accordance with the Code. 


Typical examples of support conditions are illustrated in 
Figures 6.28 and 6.29. 


6.9.2 Design Methods 


As with many other structural elements or forms, walls 
subject to mainly lateral loads are not capable of precise 
calculation. The Code provides two approximate methods 
which may be used to assess the strength of such walls: 


(a) asa panel supported on a number of sides, 
(b) as anarch spanning between supports. 


Walls of irregular shape, or those with openings, require 
careful consideration and neither of the above methods 
can be used directly. Although some guidance is given in 
Appendix D of the Code, each case should be studied care- 
fully by the designer to assess reasonable assumptions to be 
used in the design. (For further information and examples, 
see Chapter 11.) 


Method (a) is dealt with in the sections which follow (sec- 
tions 6.9.3—6.9.5). The alternative method (b) is described in 
section 6.6.3. 


6.9.3 Design Bending Moment 


The design bending moments vary with the design load, 
the vertical and horizontal spans, the orthogonal ratio, 11, 
and the relevant design bending moment coefficient, a. The 
orthogonal ratio was discussed in section 6.2.1. The bend- 
ing moment coefficient, o, depends on the edge support 
conditions, i.e. continuous, discontinuous or free, and the 
position of the section under consideration. 
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Figure 6.28 Details providing simple support conditions (indicative only, see Chapter 7 for typical details) 
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Figure 6.29 Details providing continuity at supports 
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The design bending moment per unit height of a panel in 
the horizontal direction may, in accordance with the Code, 
be expressed as follows: 


Applied design bending moment, M, = aW,y;L? 
when the plane of bending is perpendicular to the bed joints, 
where 


a =bending moment coefficient from Table 6.4 
Y= partial safety factor for loads (see Table 5.1) 
L=length of the panel between supports 
W,,.=characteristic wind load per unit area (see section 
5.2). 


The Code states that, at a damp proof course, the bending 
moment coefficient, a, may be taken as for an edge over 
which full continuity exists when there is sufficient vertical 
load on the dpc to ensure that its flexural strength is not 
exceeded. This means that full continuity may be assumed 


for the determination of «, provided the dpc can transmit 
the tensile stresses or, if not, that there is sufficient vertical 
loading to ensure that no tensile stresses are developed 
across the section, i.e. as in case 1, Figure 6.2. 


The applied design moment in the vertical direction, M ,, is 
given by the following formula: 


M, =paW,y,L? 


when the plane of bending is parallel to the bed joints, pro- 
vided that the edge conditions justify treating the panel 
as partially fixed, where u = orthogonal ratio modified for 
the vertical loading as appropriate (see section 6.2.1). The 
remaining terms being as for the horizontal moment. 


Values of the bending moment coefficient, o, are given in 
Table 6.4 for various values of the orthogonal ratio, u, modi- 
fied for vertical loading as necessary (see section 6.2.1), 
various edge conditions, and various ratios of height to 
length. This table is based on Table 9 of BS 5628. 


Table 6.4 Bending moment coefficient in laterally loaded wall panels (BS 5628, Table 9) 


Key to support conditions: 
denotes free edge 


“zz simply supported edge 


2WREEe_an edge over which full continuity exists 


Values of o 
uu A/L 
0.30 0.50 0.75 1.00 1.25 1.50 1.75 

1.00 0.031 0.045 0.059 0.071 0.079 0.085 0.090 
0.90 0.032 0.047 0.061 0.073 0.081 0.087 0.092 
0.80 0.034 0.049 0.064 0.075 0.083 0.089 0.093 
0.70 0.035 0.051 0.066 0.077 0.085 0.091 0.095 
A 0.60 0.038 0.053 0.069 0.080 0.088 0.093 0.097 
0.50 0.040 0.056 0.073 0.083 0.090 0.095 0.099 
a 0.40 0.043 0.061 0.077 0.087 0.093 0.098 0.101 
0.35 0.045 0.064 0.080 0.089 0.095 0.100 0.103 
0.30 0.048 0.067 0.082 0.091 0.097 0.101 0.104 
1.00 0.024 0.035 0.046 0.053 0.059 0.062 0.065 
0.90 0.025 0.036 0.047 0.055 0.060 0.063 0.066 
0.80 0.027 0.037 0.049 0.056 0.061 0.065 0.067 
0.70 0.028 0.039 0.051 0.058 0.062 0.066 0.068 
B 0.60 0.030 0.042 0.053 0.059 0.064 0.067 0.069 
0.50 0.031 0.044 0.055 0.061 0.066 0.069 0.071 
ay 0.40 0.034 0.047 0.057 0.063 0.067 0.070 0.072 
0.35 0.035 0.049 0.059 0.065 0.068 0.071 0.073 
0.30 0.037 0.051 0.061 0.066 0.070 0.072 0.074 
1.00 0.020 0.028 0.037 0.042 0.045 0.048 0.050 
0.90 0.021 0.029 0.038 0.043 0.046 0.048 0.050 
0.80 0.022 0.031 0.039 0.043 0.047 0.049 0.051 
0.70 0.023 0.032 0.040 0.044 0.048 0.050 0.051 
Cc 0.60 0.024 0.034 0.041 0.046 0.049 0.051 0.052 
0.50 0.025 0.035 0.043 0.047 0.050 0.052 0.053 
a 0.40 0.027 0.038 0.044 0.048 0.051 0.053 0.054 
0.35 0.029 0.039 0.045 0.049 0.052 0.053 0.054 
0.30 0.030 0.040 0.046 0.050 0.052 0.054 0.055 


Table 6.4 (cont’d) 


Values of o 
uw AIL 
0.30 0.50 0.75 1.00 1.25 1.50 1.75 

1.00 0.013 0.021 0.029 0.035 0.040 0.043 0.045 
0.90 0.014 0.022 0.031 0.036 0.040 0.043 0.046 
0.80 0.015 0.023 0.032 0.038 0.041 0.044 0.047 
0.70 0.016 0.025 0.033 0.039 0.043 0.045 0.047 
0.60 0.017 0.026 0.035 0.040 0.044 0.046 0.048 
0.50 0.018 0.028 0.037 0.042 0.045 0.048 0.050 
0.40 0.020 0.031 0.039 0.043 0.047 0.049 0.051 
0.35 0.022 0.032 0.040 0.044 0.048 0.050 0.051 
0.30 0.023 0.034 0.041 0.046 0.049 0.051 0.052 
1.00 0.008 0.018 0.030 0.042 0.051 0.059 0.066 
0.90 0.009 0.019 0.032 0.044 0.054 0.062 0.068 
Y. Y 0.80 0.010 0.021 0.035 0.046 0.056 0.064 0.071 
0.70 0.011 0.023 0.037 0.049 0.059 0.067 0.073 
E 0.60 0.012 0.025 0.040 0.053 0.062 0.070 0.076 
0.50 0.014 0.028 0.044 0.057 0.066 0.074 0.080 
Y, 0.40 0.017 0.032 0.049 0.062 0.071 0.078 0.084 
0.35 0.018 0.035 0.052 0.064 0.074 0.081 0.086 
0.30 0.020 0.038 0.055 0.068 0.077 0.083 0.089 
1.00 0.008 0.016 0.026 0.034 0.041 0.046 0.051 
0.90 0.008 0.017 0.027 0.036 0.042 0.048 0.052 
4 0.80 0.009 0.018 0.029 0.037 0.044 0.049 0.054 
0.70 0.010 0.020 0.031 0.039 0.046 0.051 0.055 
F 0.60 0.011 0.022 0.033 0.042 0.048 0.053 0.057 
0.50 0.013 0.024 0.036 0.044 0.051 0.056 0.059 
0.40 0.015 0.027 0.039 0.048 0.054 0.058 0.062 
0.35 0.016 0.029 0.041 0.050 0.055 0.060 0.063 
0.30 0.018 0.031 0.044 0.052 0.057 0.062 0.065 
1.00 0.007 0.014 0.022 0.028 0.033 0.037 0.040 
0.90 0.008 0.015 0.023 0.029 0.034 0.038 0.041 
0.80 0.008 0.016 0.024 0.031 0.035 0.039 0.042 
0.70 0.009 0.017 0.026 0.032 0.037 0.040 0.043 
0.60 0.010 0.019 0.028 0.034 0.038 0.042 0.044 
0.50 0.011 0.021 0.030 0.036 0.040 0.043 0.046 
0.40 0.013 0.023 0.032 0.038 0.042 0.045 0.047 
0.35 0.014 0.025 0.033 0.039 0.043 0.046 0.048 
0.30 0.016 0.026 0.035 0.041 0.044 0.047 0.049 
1.00 0.005 0.011 0.018 0.024 0.029 0.033 0.036 
0.90 0.006 0.012 0.019 0.025 0.030 0.034 0.037 
0.80 0.006 0.013 0.020 0.027 0.032 0.035 0.038 
0.70 0.007 0.014 0.022 0.028 0.033 0.037 0.040 
0.60 0.008 0.015 0.024 0.030 0.035 0.038 0.041 
0.50 0.009 0.017 0.025 0.032 0.036 0.040 0.043 
0.40 0.010 0.019 0.028 0.034 0.039 0.042 0.045 
0.35 0.011 0.021 0.029 0.036 0.040 0.043 0.046 
0.30 0.013 0.022 0.031 0.037 0.041 0.044 0.047 
1.00 0.004 0.009 0.015 0.021 0.026 0.030 0.033 
0.90 0.004 0.010 0.016 0.022 0.027 0.031 0.034 
0.80 0.005 0.010 0.017 0.023 0.028 0.032 0.035 
0.70 0.005 0.011 0.019 0.025 0.030 0.033 0.037 
0.60 0.006 0.013 0.020 0.026 0.031 0.035 0.038 
0.50 0.007 0.014 0.022 0.028 0.033 0.037 0.040 
0.40 0.008 0.016 0.024 0.031 0.035 0.039 0.042 
0.35 0.009 0.017 0.026 0.032 0.037 0.040 0.043 
0.30 0.010 0.019 0.028 0.034 0.033 0.042 0.044 


Note 1: Linear interpolation of u and A/L is permitted 

Note 2: When the dimensions of a wall are outside the range of h/L given in this table, it will usually be sufficient to calculate 
the moments on the basis of a simple span. For example, a panel of type A having A/L less than 0.3 will tend to act as a 
free-standing wall spanning vertically, while the same panel having h/L greater than 1.75 will tend to span horizontally. 
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Table 6.4 (cont'd) 


Key to support conditions: 
denotes free edge 


“zz, simply supported edge 


WRERe an edge over which full continuity exists 


Values of o 

mn A/L 
0.30 0.50 0.75 1.00 1.25 1.50 1.75 
1.00 0.009 0.023 0.046 0.071 0.096 0.122 0.151 
4 0.90 0.010 0.026 0.050 0.076 0.103 0.131 0.162 
0.80 0.012 0.028 0.054 0.083 0.111 0.142 0.175 
0.70 0.013 0.032 0.060 0.091 0.121 0.156 0.191 
J 0.60 0.015 0.036 0.067 0.100 0.135 0.173 0.211 
0.50 0.018 0.042 0.077 0.113 0.153 0.195 0.237 
0.40 0.021 0.050 0.090 0.131 0.177 0.225 0.272 
0.35 0.024 0.055 0.098 0.144 0.194 0.244 0.296 
0.30 0.027 0.062 0.108 0.160 0.214 0.269 0.325 
1.00 0.009 0.021 0.038 0.056 0.074 0.091 0.108 
0.90 0.010 0.023 0.041 0.060 0.079 0.097 0.113 
0.80 0.011 0.025 0.045 0.065 0.084 0.103 0.120 
0.70 0.012 0.028 0.049 0.070 0.091 0.110 0.128 
K 0.60 0.014 0.031 0.054 0.077 0.099 0.119 0.138 
0.50 0.016 0.035 0.061 0.085 0.109 0.130 0.149 
0.40 0.019 0.041 0.069 0.097 0.121 0.144 0.164 
0.35 0.021 0.045 0.075 0.104 0.129 0.152 0.173 
0.30 0.024 0.050 0.082 0.112 0.139 0.162 0.183 
1.00 0.006 0.015 0.029 0.044 0.059 0.073 0.088 
0.90 0.007 0.017 0.032 0.047 0.063 0.078 0.093 
0.80 0.008 0.018 0.034 0.051 0.067 0.084 0.099 
0.70 0.009 0.021 0.038 0.056 0.073 0.090 0.106 
L 0.60 0.010 0.023 0.042 0.061 0.080 0.098 0.115 
0.50 0.012 0.027 0.048 0.068 0.089 0.108 0.126 
0.40 0.014 0.032 0.055 0.078 0.100 0.121 0.139 
0.35 0.016 0.035 0.060 0.084 0.108 0.129 0.148 
0.30 0.018 0.039 0.066 0.092 0.116 0.138 0.158 


Note 7: Linear interpolation of and A/L is permitted 
Note 2: When the dimensions of a wall are outside the range of h/L given in this table, it will usually be sufficient to calculate 
the moments on the basis of a simple span. For example, a panel of type A having h/L less than 0.3 will tend to act asa 


free-standing wall spanning vertically, while the same panel having h/L greater than 1.75 will tend to span horizontally. 


6.9.4 Design Moments of Resistance 


The design moments of resistance are those based on an 
uncracked section, as given in section 6.3.1. 


6.9.5 Design of Ties 


Where wall ties are used to provide simple support, they 
should be checked to ensure that they can adequately resist 
the applied loadings. Values for the characteristic strength 
of wall ties used as panel supports are given in Table 6.5. 
The value of the partial factor of safety, y,,, for use with ties 
used as supports, should be 3.0. However, when consider- 
ing the probable effects of misuse or accidental damage, 
this value may be halved. The reaction along an edge of a 
wall due to the design load may normally be assumed to be 


uniformly distributed for the purposes of designing the 
means of support. The load to be transmitted from a panel 
to its support may, in the case of simple supports, be taken 
by ties to one leaf only, provided that there is adequate con- 
nection between the two leaves. Reference should be made 
to the requirements for shear resistance of ties in unbonded 
masonry which is discussed in section 6.10.1. 


Example 10 
Design suitable ties for the wall load shown in Figure 6.30. 


Total design load = 2.5 x 4 x 6=60 KN 


Reaction at each edge = > =30kN 
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Table 6.5 Characteristic strengths of wall ties used as panel supports (extended from BS 5628: Part 1) 


Type 
(Note: the minimum embedment of a tie in the 
mortar joint should be 50 mm into each leaf.) 


Characteristic strengths of ties engaged in dovetail 
slots set in structural concrete 


Tension and compression (kN) Shear (KN) 
Dovetail slot types of ties? 
(a) Galvanised or stainless steel fishtail anchors 3 mm thick, 
17 mm min. width in 1.25 mm thick glavanised or stainless 
steel slots, 150 mm long, set in structural concrete 4.0 5.0 
(b) Galvanised or stainless steel fishtail anchors 2 mm thick, 
17 mm min. width, in 2 mm thick galvanised or stainless 
steel slots, 150 mm long, set in structural concrete 3.0 45 
(c) Copper fishtail anchors 3 mm thick, 17 mm min. width, 
in 1.25 mm copper slots, 150 mm long, set in structural concrete 3.5 4.0 
Characteristic loads in ties embedded in mortar 
Compression (kN) Tension (KN) Shear (KN)? 
All mortar designations Mortar designations Mortar 
designations 
75 cavity 100 cavity (i) and (ii) (iii) (iv) (i), (ii) or (iii) 
Cavity wall ties‘ 
(a) Wire butterfly type: 
zinc coated mild steel or 
stainless steel 0.5 0.35¢ 3.0 2.5 2.0 2.0 
(b) Vertical twist type: same values as for tension 
zinc coated mild steel or for respective mortar 
bronze or stainless steel designations 5.0 4.0 2.5 3.5 
(c) Double-triangle type: 
zinc coated mild steel or 
bronze or stainless steel 1.25 0.65 5.0 4.0 2.5 3.0 


4 Fishtail anchors although specified in BS 5628 are not generally in accordance with health and safety regulations and safety or 


proprietary ties should be used 


» Applicable only to cases where shear exists between closely abutting surfaces 

© Superseded BS 1243 describes these specific forms but BS EN 845-1 describes wall ties as wire, thick plate, thin plate and helical. 
Galvanized ties should only be used in an internal dry environment 

4 Butterfly ties are not recommended for cavity widths over 75 mm and should only be used in minor structures 


ties in bed 
joints 


elevation 


top and bottom 
edges assumed free 


Ake Z zt] 


column 


ties cast in or use 
proprietary slotted 
channel and channel 
type tie 


plan 


FASE E EDA 


design loading 2.5 kN/m? 


Figure 6.30 Wall details for Example 10 


Try ties type (a), Table 6.5: 
Characteristic load in shear = 5.0 kN 


Design load in shear = ae = “= = 1.67kN 
Y, 


m 


Number of ties required = = =17.96,i.e. 18 


4 
Therefore, provide type (a) ties at 


=222 mm c/c, i.e. vertically at 225 mm c/c. 


6.10 Propped Cantilever Wall Design 


The design method for propped cantilever walls in single- 
storey buildings under wind loading conditions is 
described in BS 5628, clause 36.9. 
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The vertical span of such a wall is given as extending from 
the top (prop) of the wall down to the foundation or to a 
point of adequate horizontal lateral support - a ground 
slab, perhaps. The prop at the top of the wall may be pro- 
vided by a roof bracing system, which is discussed in more 
detail in Chapter 12. Clause 36.9 introduces the concept of 
stability moment of resistance as was discussed earlier in 
Chapter 6 and will feature in the various design examples 
that follow. 


The stability moment of resistance (MR,) across any bed 
joint is given by the formula: 


MR,=NI, 
where 


N =design vertical axial load 
I, =lever arm. 


(Note: The formula is presented in clause 36.9 as NX which 
has been transposed as N,/, to be consistent with the use of 
symbols elsewhere in this book.) 


In calculating the magnitude of N, account must be taken of 
any uplift forces on the roof. In order to provide for rotation 
at the base of the wall due to deflection of the roof prop, the 
MR, should be generated by gravity forces only, ignoring 
any flexural tensile resistance at this level which is, at best, 
unreliable and, at dpcs, usually non-existent. This is termed 
a ‘cracked section’ design. 


The Code design method requires three conditions to be 
satisfied as follows: 


(a) The maximum bending moment in the height of the 
wall should be resisted by the flexural tensile strength 
of the wall at that level. At the lower support the design 
moment of resistance due to gravity forces should be 
assessed using factors of safety of 0.9 on the dead load 
and 1.4 on the wind load. 

(b) The wall should be stable when designed using the 
‘cracked section’ approach — ignoring any flexural ten- 
sile resistance — and using safety factors of 1.0 on both 
the dead and wind loads respectively. 

(c) Compressive stresses should be checked. 


The authors are content with design condition (a) but 
are extremely concerned that design condition (b) will pro- 
duce wholly unrealistic wall thickness requirements and 
are disappointed that no guidance is given for calculat- 
ing the flexural compressive strength required in design 
condition (c). An additional calculation is provided at 
the end of Example 10 in Chapter 11 to demonstrate the 
authors’ concerns with satisfying design condition (b) 
above. It can, in fact, be shown that a modern bungalow 
wall constructed with a 102.5 mm brick external leaf and 
a 200 mm lightweight blockwork internal leaf would fail 
to satisfy design condition (b) which, surely, cannot be 
its intention. Until this problem with clause 36.9 is re- 
solved the authors recommend the continued use of the 
design method described in Chapter 11 and calculated in 
Example 6. 


6.10.1 Geometric and other Sections in Shear 


The vertical shear stress at the critical interface of a dia- 
phragm wall section is shown in section 13.9.3 and else- 
where throughout this book. Such stress conditions must 
be resisted by either: 


(a) the masonry itself being bonded across the interface, 
values for the strength of which are given in section 
6.12.1; or 

(b) where the masonry is unbonded, flat metal shear con- 
nectors placed in the bed joints, the size and spacing of 
which are derived from the formula: 


12t 
ra 12 wS? 


0.87f, 


where 


r= width of connector 

u= thickness of connector 
t= width of masonry section in vertical shear 

s= spacing of connectors 

v= design vertical shear stress on masonry section 
f,= characteristic tensile strength of connector. 


This formula was introduced into the Code, as clause 
36.9.4.1(b) for the first time in the December 1992 reprint. 
The authors are unaware of the basis of its derivation and 
some cautionary comments about its use are included as 
part of Example 4 in Chapter 11. 


6.11 Eccentricity of Loading in Plane of Wall 


In crosswall construction, and other similar structural forms, 
the walls are subject to loading in the plane of the wall. This 
is usually the result of wind loading on the building eleva- 
tion. The walls then act as vertical cantilevers, stability and 
the resistance moment being provided by the vertical load- 
ing in the wall (see Figure 6.31). 


The resultant eccentricity of the combined lateral and ver- 
tical loading is calculated from consideration of statics. All 


vertical 
loading 


LyX / 


In-plane 
lateral 
loading 
section 
Figure 6.31 In-plane lateral loading 
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walls providing 
resistance to 
wind loading 


Figure 6.32 


Isometric view of building 


the stresses in the walls are then calculated by an elastic 
analysis, and the increased compressive stress due to the 
wind loading in the plane of the wall should be checked 
against the wall’s tendency to buckle. An example is given 
in Chapter 11. 


Where, as in Figure 6.32, several walls provide resistance to 
wind loading, the horizontal force should be distributed 
between the walls in proportion to their flexural stiffness at 
right angles to the direction of the force. Thus in unrein- 
forced masonry, where Young’s modulus will not vary from 
wall to wall, the horizontal force is distributed between the 
walls in relation to their respective moments of inertia. The 
connections between the various walls must be capable of 
transmitting the necessary loadings. 


It is important to check that the floors, roofs, etc., which are 
generally used to distribute the loading from the elevations 
to the crosswalls, are capable of distributing them in the 
proportion determined from the respective I values of the 
walls. 


6.11.1 Design of Walls Loaded Eccentrically in 
the Plane of the Wall 


In the case of crosswalls, and walls acting in a similar 
fashion, the intensity of loading at any particular position 
should, in accordance with the Code, be assessed on the 
basis of the load distribution shown in Figure 6.33. The 
strength of the wall should then be determined in accord- 
ance with sections 5.13 and 5.14. 


6.12 Walls Subjected to Shear Forces 


So far, consideration has been given to masonry subject 
to flexural bending stresses. However, when members are 
subjected to bending, they are also required to resist shear 
forces, and the resulting shear stresses must generally be 
investigated. 


6.12.1 Characteristic and Design Shear 
Strength 


The characteristic shear strength of masonry is influenced 
by several factors which include the direction of the applied 
shear, the axial stress or pre-load on the wall (or other 


windloadie 74 
in-plane lateral 2 
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oy 


distribution 
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Figure 6.33 Load distribution from loading eccentric 
to plane of wall 
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complementary shear 
acting in the vertical 
direction in the vertical 
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horizontal direction in 


ae the horizontal plane 


complementary shear 
acting in the horizontal 
direction in the vertical 
plane 


Figure 6.34 Shear forces acting in the horizontal and 
vertical planes of bonded masonry 


member) and the mortar designation. In the horizontal 
direction of the horizontal plane (see Figure 6.34) the Code 
allows for the increase in shear strength due to vertical 
loading by allowing the characteristic shear stress to be 
increased by 0.6 times the stress due to vertical loading up 
to certain limiting values — both dead and imposed loading 
being considered to give the worst conditions. 


For mortar designations (i) and (ii), the characteristic shear 
strength for walls may be taken as follows: 


fi, = (0.35 + 0.6¢,) N/mm? 


with a limit of 1.75 N/mm”, where g, is the design vertical 
load per unit of the wall cross-section due to vertical dead 
loads, and imposed load when the imposed load is perman- 
ent, calculated from the appropriate loading condition. 


For mortar designations (iii) and (iv), the characteristic 
shear strength for walls may be taken as: 
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f, = (0.15 + 0.6¢,) N/mm? 
with a maximum of 1.4 N/mm. 


A characteristic shear strength value, f,, as shown in Figure 
6.34 is given for bonded masonry in the vertical direction of 
the vertical plane and may be taken as: 


(a) for bricks set in mortar designations (i) and (ii), f, = 
0.7 N/mm? 

(b) for bricks set in mortar designations (iii) and (iv), f, = 
0.5 N/mm? 

(c) for dense aggregate solid concrete blocks having a min- 
imum strength of 7 N/ mm’? set in mortar designations 
(i), (i) or (iii), f, = 0.5 N/mm? 


The design shear strength is then obtained by reducing 
the characteristic strength by an appropriate partial factor 
of safety and is given by the formula f,/Y,,,, where Y,,,, is the 
partial factor of safety. For mortar not weaker than designa- 
tion (iv), Yyv = 2.5. When considering the probably effect of 
misuse or accident, y,,,, may be reduced to 1.25. 


6.12.2 Resistance to Shear 


Provision against the ultimate limit state of shear being 
reduced may be assumed where the shear stress due to the 
horizontal design load is less than, or equal to, the design 
shear strength: 


om 


mv 


U_< 


where v, is the shear stress produced by the horizontal 
design load calculated as acting uniformly over the hori- 
zontal cross-sectional area of the wall. 


Example 11 


Check the shear stress at the base of the wall shown in 
Figure 6.35. Assume mortar designation (ii). 


Consider 1 m length of wall: 


Applied design lateral load at base (assume for this exam- 
ple, half applied load resisted at base) is 


V=y,W, x x per unit length 


Appropriate y;,, from Table 5.1 = 1.4 


insitu slab characteristic 
dead load G, = 5 kN/m? 


<< 
<< 


h=4m |t=215 Characteristic 


— _ lateral load 
<—— Wy= 1.5 kN/m? 
ye <— 


Figure 6.35 Wall details for Example 11 


Therefore, V=1.4x1.5x > =4.2kN/mrun 
Therefore, applied design shear stress (assumed to act uni- 
formly over horizontal cross-section of wall) is 


_ 42x108 
4” 103 x 215 


= 0.019 N/mm? 
Characteristic shear stress, f, = (0.35 + 0.62.) N/mm? 


Gx 
cross-sectional area 


Sa 


Appropriate y;,, from Table 5.1 = 0.9 


0.9 x5 x 10° 


—___——— =0.021 N/mm? 
10° x 215 


Thus, g, = 


(Note: The self-weight of the wall has been ignored since 
similar shear stress occurs at the top of the wall where self- 
weight does not enhance shear resistance.) 


Therefore, f, = 0.35 + 0.6 x 0.021 = 0.36 N/mm? 


Therefore design resistance to shear stress = fv = = 
=0.14N/mm2 


fy 


mv 


Thus, 0, < 


, and is therefore satisfactory. 


If the wall in the above design example were to be rein- 
forced or post-tensioned, additional factors relating to the 
characteristic shear strength, f,, must be taken into account 
and these are discussed in section 15.3.6. 


7 Strapping, Propping and Tying of 
Loadbearing Masonry 


In all structures, it is essential that the design engineer, in 
making assumptions regarding the behaviour of the struc- 
ture, ensures that all such assumptions are soundly based, 
practical to achieve, and adequately catered for in the struc- 
tural details. There are few aspects of the design/detail 
process more involved in this problem than the strapping, 
propping and typing requirements of loadbearing masonry. 


Assumptions regarding restraint, end support conditions, 
resistance to uplift forces, etc., must all be carefully con- 
sidered and detailed. These points are just as important in 
small single-storey structures as they are in tall heavy engi- 
neering projects. In fact, modern lightweight cladding and 
partitions have meant that more and more building types 
are sensitive to relatively small changes in loading con- 
ditions. For example, when lightweight decking is used, 
stress reversal occurs at much lower wind suction than for 
more heavy forms of roof cladding (see Figure 7.1). 


In the past, reliance for stability, particularly on single- 
storey buildings, was often achieved using traditional room 
dividing walls without the need for calculations. However, 
since the introduction of lightweight non-loadbearing par- 
titions, the stability of such structures has become critical 
for relatively small wind loadings (see Figure 7.2). 


In the above examples, the need for adequate connections 
to transfer wind uplift and shear loads from the various 
elements to which they are applied into the elements 
on which they are to be resisted, is absolutely critical to 
the overall stability of the building. Wall restraints, uplift 
straps, ties and seating connections are far more critical 
than many engineers and architects realise and, in masonry 
structures in particular, these elements often become the 
items which determine the completed building’s life. They 
are all too often the ill-conceived weak link of the structure, 
which can be such that repair or replacement is more costly 
than demolition and rebuilding. It is essential that more 
consideration is given to corrosion and the life expectancy 
of these elements for the conditions in which they are built 
than has been given in the recent past. 
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Figure 7.2 Plans on typical single-storey building 
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Figure 7.1. Wind uplift and imposed and dead load 
combinations 


For centuries, masonry structures have proved to be very 
adaptable and have been handed down from one genera- 
tion to the next, and successfully modified or altered to 
meet changing needs and patterns of use. The economic 
and environmental advantages of this can scarcely be 
overemphasized. In recent years, however, the rate of 
change in the approach to design has not kept pace with the 
rapid changes in materials and construction techniques. 
Numerous failures have already occurred and, if the tradi- 
tional virtues of masonry construction are to be main- 
tained, it is important that the pitfalls of recent trends be 
corrected in the next generation of buildings. 


Extra attention to the function and expected life of the small 
but essential elements already referred to will go a long 


reactions taken on 
gables only 


lightweight partitions 
providing no lateral 
restraint 


~— 


74 Structural Masonry Designers’ Manual 


way towards reducing the number of future problems. 
The forces in these elements, the practicability of the con- 
struction, the environment in which they must survive and 
the materials of which they are made, are most important 
considerations. 


The importance of both the overall stability and the detailed 
connection of element to element cannot be overemphas- 
ised. Many building failures have resulted from the lack 
of an engineering check on overall stability and the con- 
nection of element to element, and this is particularly high- 
lighted by hybrid structures where elements of different 
materials have been designed by different specialists and 
no overall stability check has been made. 


In construction, compliance with the accidental damage 
requirements (see Chapter 8), plus the greater awareness 
of stability problems with tall buildings tend to lead engin- 
eers to a more suitable and robust structure. But modern 
construction methods and materials have produced ‘non- 
traditional’ buildings and thus a greater need for engineer- 
ing design. Engineering design is as much to do with the 
joining of individual elements to form a robust structure, 
as it is to do with the design of the individual elements 
of which it is composed. 


It is this aspect of design, namely the strapping of walls 
to floors and roofs, with which this chapter is concerned 
and, in the broadest terms, the two objectives could be sum- 
marised as: 


(a) to identify situations where tying problems exist, 
(b) to suggest specimen details which would form the basis 
of a solution for each situation. 


Here, as in all engineering design, there are no special 
details which are universally applicable and the engineer 
must select his own solution for the individual require- 
ments of structural adequacy. While it is right and proper 
for codes and building regulations to insist on the placing 
of straps in certain situations, and to insist on a minimum 
standard, the varied nature of tying problems forbids plac- 
ing too firm restrictions on the engineer’s freedom to deal 
with each case on its merits. Nevertheless, the general guid- 
ance given in this chapter should prove useful. 


7.1 Structural Action 


Before highlighting the problem areas, it may be useful to 
review quickly the way in which a typical low-rise masonry 
structure would be made to work. From this exercise, the 
reason for the inclusion of ties in the design should become 
evident and certain problem areas should emerge. 


The design of a solid wall under eccentric loading can be 
undertaken using the basis of design in Chapters 5 and 6. 
The strength of the material and the geometric property of 
slenderness ratio are the basis for the design. Assumptions 
do need to be made concerning the support of the wall at its 
top and at its base, in order that the slenderness ratio can be 
calculated. It follows that the design of such walls impli- 
citly places on the engineer the responsibility to ensure that 
such edge conditions present in the completed structure are 
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Figure 7.3. Deflection profiles of restrained / 
unrestrained laterally loaded walls 


as assumed in the design. The easiest way and, indeed, in 
many cases the only way, is to tie the wall to a floor or roof. 


As an example, consider a two-storey house which is built 
unrestrained except for the roof which is carried by the 
wall. Such a wall (Figure 7.3) will have a possible failure 
mode similar to that shown. This is an inherently weak situ- 
ation when viewed as a stability problem, and an extremely 
thick wall would be required on this basis. 


It must be remembered, of course, that this presupposes 
that the wall has no returns. In the majority of domestic 
construction, returns are present if only because of the tra- 
ditional approach to house building. Certainly, following 
the aftermath of Ronan Point, the multi-storey flats failure 
which drew attention to accidental damage and progres- 
sive collapse, the unreturned type of wall is no longer com- 
mon, since good practice now suggests that a loadbearing 
panel should be strengthened with at least one substantial 
return wall. Having said this, however, the mode of failure 
shown in Figure 7.3 is possible towards the free edge of a 
three-sided panel, or in the central region of a four-sided 
one of large length. If the wall is restrained at floor level, 
the failure mode would change to the S shape shown in 
Figure 7.3, giving a smaller slenderness ratio which would 
allow a wall of less thickness to be justified. Clearly then, 
there is a distinct advantage to be gained in structural 
efficiency by restraining the deflection at all floor levels, as 
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Figure 7.4 (a) Timber floor abutting cavity wall, (b) timber floor ‘built-in’ to cavity wall 


Figure 7.5 Eccentricity of workmanship 


well of course at the roof level. Such restraint of horizontal 
movement can be of two main types. 


Figure 7.4(a) shows schematically a pinned horizontal sup- 
port. The connections between wall and floor do prevent 
horizontal movement but are not sufficiently rigid to 
afford any resistance to rotation on the wall at floor levels. 
In Figure 7.4(b), however, the floors are carried through the 
walls. If the floors are of sufficient stiffness they afford a 
degree of resistance to rotation, which results in a reduced 
effective length and hence slenderness ratio. 


There is another stability requirement, however, regarding 
strapping, namely the workmanship and inbuilt ‘out of 
balance’ factor should the wall be built with an initial out of 
balance, i.e. as shown in Figure 7.5. Here a tie force P would 
be required to hold the wall stable against the overturning 
effect of the applied dead and live load, W, which is now 
eccentric with respect to the base of the wall. 


The moment equation is written: 
Wxe=Pxh 
neglecting the self-weight of the wall, where 


W = vertical load 
P=required tie force 
e=eccentricity 
h=height 


(see Figure 7.5). 


P is therefore related to the maximum load, W, to which the 
wall is likely to be subjected, and the eccentricity, e. 


If P is assumed to ben% of W then: 


Wxe= a, 
100 

This suggests that the eccentricity, e, is 1% of h. At present, a 
figure of 22% of the maximum applied weight is recom- 
mended for P sufficient to restrain a wall of 2.54 m storey 
height when it is built out of balance by 63 mm. Generally 
speaking, there is a consensus of opinion that 2'/2% is a 
figure of the right order, which, furthermore, is common 
to concrete and steel codes of practice and which allows a 
certain added factor to cover other aspects of workmanship 
detail and eccentricities due to deflections. It is certainly a 
figure by which previous practice has been shown to be 
both workable and adequate. 


At this stage, the wall is restrained at the floor level and any 
out of balance will be resisted by the tie. Any wind loading, 
whether positive pressure or negative suction, will also 
need to be carried by the tie arrangements. It is necessary 
to consider the distribution of these forces when they have 
been transferred via the strapping into the masonry. 


Consider a simple box type structure as shown in Fig- 
ure 7.6. In section, the structure has a degree of stiffness 
based on the cantilever action of the walls. Nevertheless, it 
is basically a mechanism (unless some form of movement 
joint could be introduced) and, on application of the wind 
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Figure 7.6 Box type structure behaviour 


load, the structure would sway through the position shown 
dotted on the figure as it collapsed. This mode of failure can 
be prevented by restraining the sway using walls A and B. 
If the floor is strong enough to act as a stiff plate, the two 
walls C and D can be held vertical if the wind force is trans- 
ferred into walls A and D. Both these walls are extremely 
stable and stiff when loaded with in-plane forces and made 
to act as a shear wall. To obtain this action, some form of 
shear key must be present, or introduced, between the floor 
plate and walls A and B at the floor level. 


Similarly the converse should apply. When a wind force 
is considered to act on walls A or B, they may not have 
sufficient returns to give total structural stability and, con- 
sequently, the wind forces when transferred into the floor 
plate must be taken via a shear key on to walls C and D. 
These two walls, acting as shear walls (together with any 
contributions from the four returns) provide the stability in 
the longitudinal direction of the building. 


There are, therefore, two main actions that the floor plate 
has to perform. The first is to provide horizontal support to 
the top or bottom of the wall at floor level, while the second 
is to provide a means of shear transfer between the wind 
loaded wall and the perpendicular shear walls. Each of 
these is considered in more detail below. 


7.2 Horizontal Movement 


Floor Bearing onto Walls 


Many possible arrangements exist to ensure that floors bear 
onto walls. These can range from the floor being insitu con- 
crete which is carried in bearing on the full width of the 
wall, to the floor being of timber joists and boarding which 
is ‘suspended’ between the walls on joist hangers. A pos- 
sible mid-range solution is shown in Figure 7.7, where the 
joists are carried part way into the inner leaf. 


To be confident that the wall will have no detrimental 
movement, it must be strapped to the floor. This need not 
be at every joist, but must be at a spacing which can be 
justified by calculations. To stop the wall moving in direc- 
tion A, an L-type strap could be used as shown. This would 
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Figure 7.7 Timber floor bearing onto inner leaf of 
cavity wall 


then act as a tie. Should the wall attempt to move in direc- 
tion B relative to the floor, the tie will not restrain it and 
some other arrangement must be introduced to prohibit 
such movement. This could be an angle stud affixed to the 
top of the beam, as indicated, or a batten, positioned where 
the angle is shown to be, running along the length of the 
wall and securely fixed to the joists. 


Floors Abutting Walls 


Where floors abut the wall, but are not spanning onto it, a 
similar type of strapping arrangement could be used (see 
Figure 7.8). The L-shaped strap will restrain the wall from 
movement in direction A by acting as a tie. Should there be 
movement in direction B, however, the floor must be made 
to act as a stop. This can be achieved by packing between 
the wall and the first joist. The joist, however, is not particu- 
larly stiff in the situation where it may bend about its minor 
axis. To give this external joist added stiffness the first two 
or three joists could be braced either by diagonal strutting 
or by blocking as shown on the plan form (Figure 7.9). Such 
an arrangement will effectively restrain the wall from any 
horizontal deflection. Without the packing piece between 
wall and joist, it would be possible for the tie to either 
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Figure 7.8 Timber floor abutting inner leaf of cavity wall 
| 


i 


plan 


restraint ties 


Figure 7.9 Shear keying between walls and floors 


buckle or slip in the mortar joint and it is for this reason that 
it should be included in the joint detail. 


Internal walls with the floors solidly abutting on either 
side will have the same effect, in general, of restraining wall 
movements. 


The foregoing details rely, however, on the assumption that 
the floor remains horizontally undeflected with respect to 
the rest of the structure, otherwise a ‘house of cards’ type of 
total collapse may ensue. 


7.3 Shear Keying between Wall and Floors 


The final arrangement of ties to restrain all walls from hor- 
izontal movement is shown in Figure 7.9. It can be seen that, 
while one set of straps is acting in tension (or the floor 
acting as a compression plate), the other set of straps, 
orthogonally placed with respect to the first set, will act as a 
shear key. In many cases, this amount of shear keying, com- 
bined possibly with other shear connections which are also 
present, such as joists carried into walls on joist hangers, 
will suffice. Nevertheless, there may be situations where 
the forces to be transmitted from the floor into the wall 
are of such magnitude that special fixings will need to be 
incorporated which are capable of resisting the shear forces 
involved. 
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Figure 7.10 Detail for holding down of roof 


7.4 Holding Down Roofs Subject to 
Upward Forces 


Thus far, the need for connecting floors to walls has been 
due to horizontal forces acting on the wall. 


Another major area of concern is the connection between 
the roof and the wall. All that has previously been said 
about strapping masonry to floors is still relevant to roofs. 
In many cases, however, there is an added problem of hold- 
ing down a roof on which suction is liable to act. This is 
more relevant to flat roofs and pitched roofs of shallow 
slope. In the situation shown schematically in Figure 7.10, 
not only must the normal ties and shear keys be present 
(although they have been omitted for reasons of clarity 
from the figure), but also the roof must be sufficiently well 
connected to enough of the masonry to ensure that it is 
still ‘held down’ when the worst suction acts on the roof. 
Generally speaking, this is achieved by connecting the roof 
to several courses of brickwork or blockwork at the top of 
the wall. The exact number of courses picked up by the 
holding-down strap will depend on the amount of uplift, 
and will be calculated on the basis that the total weight of 
the masonry plus roof is greater than the total uplift forces 
by a suitable safety margin. 


In practice, the roof is rarely tied down directly to the 
masonry. A timber wall plate is positioned on top of the 
wall and the roof is then tied down to the wall plate (see 
Figure 7.11). Many proprietary brands of fixing are avail- 
able which are quite adequate for this job and, in general, 
there is little difficulty in holding the rafter or truss down to 
the wall plate. This cannot be said of the problem of holding 
down the wall plate, and its accumulated uplift on the wall, 
and it is this aspect of the detail which is predominant. It must 
be remembered that the use of a wall plate also reopens the 
question of shear keys, and the shear strength of the timber / 
mortar interface between the wall plate and the wall. In 
general, where shear is a problem, the holding down details 
should be appraised to check the adequacy of shear resistance. 


7.5 Areas of Concern 


From the foregoing structural considerations, three major 
areas of concern can be seen to exist: 
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Figure 7.11 Detail for holding down of roof 


(a) the tension/compression connections of walls to floors 
and roofs, 

(b) the connections of floors and roof plates to shear walls, 

(c) the tying down of wall plates to the walls. 


These connections require careful, calculated, and detailed 
design. 


It should be remembered, of course, that these connection 
requirements are not unique to loadbearing masonry. The 
design of many structures would require similar careful 
detailing of connections, the prime example of which is 
a structure using precast concrete loadbearing panels. It is 
essential, however, to be both aware of the limitations of 
the materials, and be ready to exploit any advantageous 
properties which they may possess. Because of this, the 
final detail of masonry connections may differ considerably 
from those used in other forms of construction, although 
the fundamental considerations for incorporating them 
into the design are the same for all types of structures. 


7.6 Other Factors Influencing the Details of 
Connections 


Besides the overriding consideration of structural ad- 
equacy, other factors emerge which not only influence the 
final detail of the strap arrangements, but are also open to 
debate and could be considered controversial. 


Consider the Strength of the Strap 


At present, BS EN 845, Part 1, the British Standard for ties, 
tension straps, hangers and brackets suggests that straps 
are provided with a maximum thickness not exceeding 
half of the mortar bed joint thickness. The EN standards are 
performance standards and therefore do not provide a 
prescriptive value of 5 mm for a strap as previously given 
in BS 1243. The need for such a 5 mm thickness of metal is 
questionable on the grounds of strength but in many situ- 
ations is justifiable on grounds of durability. If it is assumed 
that durability is not a problem and a 3 mm thickness is 
considered, this has certain advantages when considering 
‘buildability’ highlighted by the possible avoidance of 
rebating the straps into joists. 


max compressive 
stress = 7.3 N/mm? 


Figure 7.12 Strap to masonry behaviour 


Considering the strength of a 3 mm strap in tension, the 
lateral forces of two- and three-storey housing generally 
vary, depending on location between approximately 0.8 
and 2 kN/m run. Assuming 1.8 m centres, the strap load 
lies between 1.44 and 3.6 kN. A tie of 3 mm x 30 mm cross- 
section with two 6 mm diameter holes gives a net area of 
54 mm?. The maximum working stress would be approx- 
imately 40 N/ mm/?, which is acceptable for mild steel. A 
3 mm thickness for ties should prove more than adequate 
in pure tension on strength grounds. It is possible that an L 
strap, bent down into the cavity, would be pulled straight 
by the range of forces which could act on it. BS EN 846, Part 
4 details tests to determine the load capacity and load 
deflection characteristics of straps. 


Consider Crushing of the Brick 


Assume that only the top one-third of the 100mm 
turn-down of the strap bears on the wall when the strap 
is tensioned by the 3.6 kN force. The bearing force on the 
masonry, assuming the triangular distribution shown in 
Figure 7.12, is then: 


3.6 x 1000 
x ——qx 


=7.3N/mm?2 
30 x33 


This is an acceptable value for common bricks and many 
blocks. 

Consider the Bending Value of the Strap 

Again assume the stress block is 33 mm deep. 

The lever arm of the forces about the right-angled bend is: 


ee ee 
3 


Moment = 11 x 3.6 x 10°=39 600 N mm 
_ 30x? 


Z =45 mm?® 


Stress in strap = — = 880 N/mm? 


This is clearly an unacceptable stress. It may not, however, 
be a governing factor since a small deflection will ensue at 
this stress level, which, in turn, will affect the bearing area, 
which, in turn, will reduce the moment. The system should 
therefore reduce to stability, assuming the masonry does 
not begin to crush. It is this interplay of parameters that 
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makes this topic more amenable to a laboratory investiga- 
tion than a theoretical analysis. Nevertheless, if the right- 
angle bend could be strengthened against a bending failure 
mode, the performance of the strap would be greatly 
enhanced. One way of achieving this would be to use slot 
indentations in the steel strap in the region of the right- 
angled bend. The suggestion of using 100 mm turn-downs 
into the cavity is a compromise between the requirements 
of catching more than one brick or block yet limiting the 
maximum lever arm of the force about the right-angled 
bend. The 100 mm value is purely arbitrary. BS EN 846, Part 
4 specifies tests on straps in wallettes. 


Where more than one solution would fulfil the basic 
requirement of structural adequacy, the deciding factors 
are likely to be concerned with ease of construction (build- 
ability), and with its related parameter, cost. One example 
of such considerations is the question of whether to screw, 
bolt or nail floor beams into joist hangers. On both grounds 
nailing is preferable. 


Assuming the approximate figure of 2 KN/m run tie force 
as the maximum of the range with joist hangers spaced 
at 600 mm centres, the force per joist hanger is 1.2 kN. 
Assuming a C16 timber group, without allowing any re- 
duction factors, five nails would suffice. In many practical 
situations four 11 gauge nails would be required. Clearly 
this is a more economical solution than bolting. 


Another example on ‘buildability’ arises where connections 
have to fulfil several functions. This occurs where a roof 
must not only be strapped to a wall, but must also be held 
down to it while, at the same time, the wall plate must also 
transfer shear load from the wind load on the gable ends. In 
such situations, it is not uncommon to find this already 
complex detail further complicated by the positions in 
which the nail plates have been used on the trusses. 


Where precast floor beams have been used spanning in one 
direction, it is possible to find the screed damaged at the 
centre of the span against abutting walls, caused by the dif- 
ference between the deflection of the beams at the centre 
span and the inability of the tie to deflect at the point where 
it emerges through the mortar course of the wall. This type 
of irritating performance failure requires careful considera- 
tion to be given to likely deflection contours of two-, three- 
or four-sided panels. Possibly a more stringent deflection 
limit, with consideration given to the value to be adopted, 
needs to be introduced for such situations. 


In certain situations, for example large walls of more than 
normal height, there may be concern for the way in which 


the outer leaf is tied to the inner leaf at the region where the 
inner leaf is effectively restrained against lateral movement 
at the top. In situations like this, there is an argument for 
placing an extra number of wall ties in the immediate vicin- 
ity of strapping. 


BS 5628 includes in its Appendix C details and requirements 
for connections to floors and roofs by means of metal anchors 
and joist hangers capable of resisting lateral movement. 


The Code requires that the effective cross-section of anchors 
and of their fixings should be capable of resisting the 
appropriate design loading, which is the sum of: 


(a) the simple static reactions to the lateral applied design 
horizontal forces at the line of lateral support, and 

(b) 2.5% of the total design vertical load that the wall or col- 
umn is designed to carry at the line of lateral support; 
the elements of construction that provided lateral stabil- 
ity to the structure as a whole need not be designed to 
support this force. 


The Code also states that the designer should satisfy himself 
that loads applied to lateral supports will be transmitted to 
the elements of construction providing stability, e.g. by the 
floors or roofs acting as horizontal girders or plates. 


The stress assumed for design purposes is to be the charac- 
teristic yield strength (or its equivalent), as laid down in the 
appropriate British Standard, divided by y,, = 1.15. Anchors 
should be provided at intervals of not more than 2 m in 
houses or not more than 1.25 m for all storeys in all other 
buildings. Galvanised mild steel straps having a cross- 
section of 30 mm x 5 mm may be assumed to have adequate 
strength in buildings of up to six storeys in height. 


The Code also gives other types of buildings where simple 
resistance or enhanced resistance may be assumed, provided 
certain conditions of tying are incorporated (see Chapters 5 
and 6). 


The following illustrated examples of strapping and tying 
should help the engineer in selecting a suitable detail. The 
design examples which follow the illustrations will give 
guidance on the assessment of the forces involved. 


The typical details which follow show methods of holding 
down roofs, stabilising walls at floor and roof levels, and 
shear transfer from roofs and floors to walls. It should be 
noted that the dimensions are only typical, and each detail 
must be designed to cater for the load and the environ- 
mental conditions. 
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7.7 Illustrated Examples of Strapping and Tying 


elevation 


expanded metal lathing, 
or similar, stapled to 
wall plate soffits with 

25 mm galvanised 
staples at 200 mm 
staggered centres, used 
only where shear action 
is required 


symmetrical horizontal 
thick plate cavity wall 
ties to BS EN 845, 
(previously called 
vertical twist type), laid 
in diamond pattern in 
accordance with BS 
5628 table 6 


section 


wall plate bar (or 
similar tension 
fixing device) 
hooked around 
cavity ties (or fixed 
directly to the wall) 


and tightened onto 
wall plate by 
diagonal 
adjustment. All 


fixings for wall plate 
and bar to satisfy 
BS EN 845. 


Figure 7.13 Method of securing wall plate to an external loadbearing wall to resist uplift 


elevation 


expanded metal lathing, 
or similar, stapled to 
wall plate soffits with 

25 mm galvanised 
staples at 200 mm 
staggered centres, used 
only where shear action 
is required 


wall plate bolts to BS EN 845 
at 2400 mm centres (min 
2N° bolts per wall plate 
length) but designed to suit 
condition. Typical length = 
1270 mm 


double leaf wall with 
joint between tied 
together to suit 
design condition 


section 


typically 10 mm diameter 
bar with 150 x 76 x 10 
thick plate welded to one 
end and screw threaded 
50 mm long at other end 
supplied with 150 x 76 x 
10 thick plate, circular 
washer and nut. 
Materials to satisfy BS EN 
845 and BS 5628 and 
final choice of sizes to be 
provided by the engineer 
to suit design condition 


Figure 7.14 Method of securing wall plate to internal brickwork loadbearing walls to resist uplift 


wall plate bolted to 
wall at 800 mm 
centres with resin 
anchors 


expanded metal lathin 
or similar, stapled to 

wall plate soffit where 
shear action is require 


typically 10 mm 


bar 1200 mm long 


expanded metal 
lathing or similar 


hooked at one end. 
Min of 2 bars per wall 
length but design for 


to close void 


actual uplift. 


Materials to satisfy BS 


EN 845 and BS 5628 
and final choice of 


sizes to be provided 
by the engineer to 


diameter holding-down 


9g, 


d 


20 N/mm? 
concrete filling to 
blockwork voids to 
be placed in 
depths not 
exceeding 800 mm 
as work proceeds 


Figure 7.15 Method of securing wall plate to hollow block inner leaf of cavity wall and hollow block internal walls 


Ld 


elevation 


suit design condition 


to resist uplift (suitable for walls 140 mm thick and over) 


section 
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plaster finish —————> 


typical depth 
900 mm but design 
check required 


galvanised mild 
steel 3 x 30 mm 
holding-down straps 
to BS EN 845, 
plugged and 

screwed to the wall 


Figure 7.16 Method of securing wall plate, to resist 
uplift, where walls are plastered (This is an alternative 
to details in Figures 7.13 and 7.15.) 
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truss clip 
securing roof 
truss to wall plate 


— $100 mm or 75 mm 


deep wall plate 


typically 3 x 30 x 425 mm 
(or 325 mm) long 
perforated galvanised U 
shaped straps at 1800 mm 
centres (1200 mm for 
three storeys) nailed to 
wall plate 


detail of fixing of timber wall plates at 
top of external and internal walls 


Figure 7.17 Method of securing wall plate 


external partition internal gable partition internal 
loadbearing loadbearing bracing 
roof and floor span onto or across walls roof and floor span parallel to walls 


Figure 7.18 Location of details for timber pitched roof and timber floor 
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fixing clip, truss 
to wall plate 


#__ 75 mm deep wall plate 
in brickwork or 
plastered blockwork 


wall plate 
holding down 
strap (see Figure 7.17) 


LLU 


detail of external loadbearing wall 
fixing to stablise wall at eaves level 
Location 1 fixing 


typically 3 x 30 mm galvanised 
mild steel twisted straps to BS 
EN 845, fixed to truss tie and 
concreted into block void 


¥ 


|___ void filled 
with concrete 


detail of block partition wall fixing to 


stablise wall at eaves level 
Location 2 fixing 


expanded metal 
+ lathing closing 
void 


typically 40 x 40 x 1 mm perforated 
pressed steel angles, to BS EN 
845,700 mm long fixed to truss 

ties at 2400 mm centres 


detail of plastered brick partition wall 
fixing to stablise wall at eaves level 
Location 2 fixing 


angles as above 


6 mm clearance between 
underside of truss tie and wall 


detail of unplastered brick partition wall 
fixing to stablise wall at eaves level 
Location 2 fixing 


Figure 7.19 Eaves details for timber pitched roof (see Figure 7.18 for location) 


typically 5 x 30 


timber packing | 
mm galvanised 


mild steel 

straps, to BS 

EN 845, fixed 

to bracing — angle brackets 
packed up, if bolted to truss ties 


required, for 
strap to run 
through at 

course level 


and built into wall 
for shear transfer to 
wall to suit job 
design 
requirements 


detail of fixing to stablise wall at eaves 
level 
Type 4 fixing 


100 x 50 mm 
cross pieces 
between truss 
ties at 2400 mm 
centres, skew 
nailed to truss 
ties 


typically 40 x 40 x 1 mm 
galvanised mild steel 
perforated angles to BS 
EN 845, 700 long fixed to 
2 truss ties at 2400 mm 
centres 


detail of fixing to unplastered brick 
partition wall, trusses off wall, to 
stablise wall at eaves level 

Type 5 fixing 


100 x 50 mm 
timber gable 
bracing fixed 
to truss 


expanded metal 
lathing closing void 


| typically 3 x 63 mm 
galvanised mild steel 
strap, BS EN 845, 
fixed to side of truss 

| = tie and concreted into 
| block void 


detail of truss on block partition wall 
stablising wall at eaves level 
Type 5 fixing 


typically 3 x 30 mm 
galvanised mild steel 
twisted straps to BS EN 
845, fixed to cross pieces 
and concreted into block 
void 


arm 


detail of fixing to block partition wall 
fixing to stablise wall at eaves level 
Type 2 fixing 


Figure 7.20 Eaves details for timber pitched roof (see Figure 7.18 for location) 


timber packing 


angle brackets 
bolted to truss 
ties and built in 
wall for shear 
transfer 


typically 3 x 63 
mm galvanised 
mild steel strap, 
BS EN 845, fixed 
to truss ties 


detail of fixing to stablise bracing 
wall at eaves level 
Type 6 fixing 


100 x 50 mm 
cross pieces 


truss tie 


steel angles as 
described above 


detail of plastered brick partition wall 
fixing, truss on wall, to stablise wall 
at eaves level 

Type 3 fixing 
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galvanised steel 
perforated angle nailed to joist 


joist at 1200 mm c/c joists nailed together 


plan on wall plan on wall 


5 x 30 mm galvanised 
steel perforated flat, 
bent and twisted in 
pairs at 1200 mm c/c 


angles nailed to 
sides of joists 


detail of fixing of timber floor detail of fixing of timber floor detail of fixing of timber floor 
spanning onto external load- spanning onto partition wall to spanning onto internal load-bearing 
bearing wall to stablise wall stablise wall wall to stablise wall 

Location 1 fixing Location 2 fixing Location 3 fixing 


Figure 7.21 Fixing of timber floor joists spanning onto walls (see Figure 7.18 for location) 


5 x 63 mm galvanised 
100 x 50 mm cross pieces mild steel strap fixed to joists 


nailing generally 9 g square twisted 
galvanised nails x 32 mm long 


detail of fixing of timber floor spanning 

parallel to partition wall to stablise wall 

Type 2 fixing 5 x 63 mm galvanised mild steel 
straps, fixed to top of joist 

packing to be provided at straps and to be secured to joist 


5 x 63 mm galvanised 
mild steel straps, 
fixed to joists 


angle brackets bolted to joist and 
built into wall to transfer shear to 
wall to suit job design requirements 


detail of fixing of timber floor detail of fixing of timber floor detail of fixing of timber floor 
spanning parallel to external spanning parallel to partition spanning parallel to bracing wall 
loadbearing wall to stablise wall wall to stablise wall to stablise wall and transfer 

and transfer shear Location 5 fixing shear 

Location 4 fixing Location 6 fixing 


Figure 7.22 Fixing of timber floor joists spanning onto walls (see Figure 7.18 for location). Standard herringbone 
and solid strutting between joists 
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5 x 63 mm galvanised mild steel straps, fixed to top of truss rafters tiling battens 
for sheeted | j | | a 
gable see ; 
detail sheet timber packing timber packing 
detail of fixing of timber roof detail of fixing of timber roof 
members spanning parallel to gable members spanning parallel to 
wall to stablise wall compartment wall to stablise wall 
Location 4 fixing Location 6 fixing 


Figure 7.23 Fixing of timber roof members spanning parallel to walls (see Figure 7.18 for location) 


diagonal bracing and 
temporary tie to underside of 


enly paral rafter omitted for clarity 


truss 1 shown 


plan on gable 
at truss level 


100 x 25 mm bracing 
piece (type A) fixed to 
truss ties at wall plate 


100 x 25 mm bracing piece (type B) 
continuous over truss ties and wall plate 


50 x 50 mm vertical 

timbers at 600 mm c/c 
fixed to truss for =§=——> 
sheeting 


5 x 30 mm galvanised mild steel strap wedged over wall plate built 
into wall (See standard detail) 


section through sheeted gable showing method of tying gable 
wall to roof bracing system (function is to stabilise the gable) 


Figure 7.24 Timber pitched roof — details of sheeted gable 
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diagonal bracing and 
temporary tie to underside of 


a rafter omitted for clarity 


galvanised mild steel 
straps 


plan on gable 
at truss level 
100 x 25 mm bracing 
piece (type A) fixed to 
truss tie 


5 x 63 mm galvanised mild steel 
straps fixed to bracing at 
position C 


packing, if required, for straps 
to pass through wall at course 


[ 
ve, 100 x 25 mm bracing piece (type B) 
continuous over truss tie 


section through sheeted gable showing method of tying gable 
wall to roof bracing system (function is to stabilise the gable) 


gable wall —— 


timber 
packing 


Figure 7.25 Timber pitched roof — details of brick gable wall 


flat 
roof 
concrete 
floor 
external partition internal gable partition internal 
loadbearing loadbearing bracing 
roof and floor span onto or across walls roof and floor span parallel to walls 


Figure 7.26 Location of details for timber flat roof and concrete floor 
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timber roof joists or proprietary beams 


fixing clip, roof 
joist to wall plate 


roof deck 


#__ 75 mm deep wall plate 
in brickwork or 
plastered blockwork 


wall plate 
holding down 
strap, see 
Figure 7.17 


expanded metal 
lathing closing 
void 


detail of external loadbearing wall 
fixing to stablise wall and hold down 
roof at roof level 

Location 1 fixing 


detail of internal loadbearing wall 
fixing to stablise wall and hold down 
the roof at roof level 

Location 3 fixing 


typically 40 x 40 x 1 mm perforated 
pressed steel angles, to BS EN 
845, 700 mm long fixed to roof 
joists at 2400 mm centres 


detail of plastered brick partition wall 
fixing to stablise wall at roof level 
Location 2 fixing 


Figure 7.27 Fixing of timber flat roof members spanning onto walls (see Figure 7.18 for location) 


cross pieces at 2400 mm c/c 
between joists at 600 mm c/c 


50 x 50 mm battens, 
continuous 


detail of fixing of timber floor spanning 
parallel to brick partition wall 
(unplastered) to stablise wall 
Type 2 fixing 
roof finish  SProcket pieces 
A at 600 mm c/c 


roof deck 


|| fixing clips to roof 
| | joist and to wall plate 


[_| 


| 


typically 40 x 40 x 1 mm 
perforated pressed steel 
angles, to BS EN 845, 
700 mm long fixed to 
truss ties at 2400 mm 
centres 


wall plate holding down 
strap (see standard detail) 


detail of fixing of timber floor 
spanning parallel to gable wall to 
stablise wall and hold roof down 
Location 4 fixing 


detail of fixing of timber floor 
spanning parallel to partition 
wall to stablise wall 

Location 5 fixing 


timber packings 
at blocking piece 
positions 


angle brackets bolted to joist and 
built into wall to transfer shear to 
wall to suit job design requirements 


blocking pieces 
at 1800 mm c/c 


detail of fixing of timber floor 
spanning parallel to bracing wall 
to stablise wall and transfer 
shear 

Location 6 fixing 


Figure 7.28 Fixing of timber roof joists spanning parallel to walls (see Figure 7.18 for location). Standard 


herringbone and solid strutting between joists 


Strapping, Propping and Tying of Loadbearing Masonry 87 


precast units (hollow shown) or insitu rc floor 


where wall continues 
above precast pots 
use insitu filling 


insitu rc topping 
where required 


screed and finish 


40 x 40 x 1 mm galvanised 


end of (hollow) precast perforated steel angles 700 ages ; 
: eee , f t units 100 mm 
unit floor built in solid 12mm clearance long at 2400 mm cic fixed to een itd 
soffit of floor (or fixed into bearing (minimum) 
hollow infill pots of precast floor) 
external loadbearing wall partition wall internal loadbearing wall 
detail of fixing of concrete floor detail of fixing of concrete floor detail of fixing of concrete floor 
spanning onto brick external wall spanning onto partition wall to spanning onto loadbearing wall 
to stablise wall stablise wall to stablise wall 
Location 1 fixing Location 2 fixing Location 3 fixing 
Figure 7.29 
screed and finish insitu rc topping insitu concrete 


where required filling continuous 


over bracing wall 


reinforcement 


= precast floor set 
out so that infill 
unit occurs at 
this position 


40 x 40 x 1 mm galvanised 


tray block perforated steel angles 700 reinforcement 
12 mm clearance long at 2400 mm c/c fixed to 
soffit of floor (or fixed into 
hollow infill pots of precast floor) 
gable wall partition wall bracing wall 
detail of fixing of concrete floor detail of fixing of concrete floor detail of fixing of concrete floor 
spanning parallel to brick external spanning parallel to partition wall to spanning parallel to loadbearing 
wall to stablise wall stablise wall wall to stablise wall 
Location 4 fixing Location 5 fixing Location 6 fixing 
Figure 7.30 
Last tet timber joist timber joist 
5 | | | 100 mm . io 
min Ld 
100 mm ~o" 100 mm 4-7 
min --El min =o 


‘L’ strap twisted = alternative strap 
through 90° with positions 
leading edge aligned 


either or 


Figure 7.31 Timber floor bearing directly onto wall and stabilising wall 
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ptt hanger to be tight ttf! hanger to be tight 
Ol up against wall ; | up against wall 
os alternative strap Cal 
‘aa positions | ol | | 
oO min oo 
Cl t (om 


ne typical joist hanger details are mT 
shown in Figure 7.33 


standard joist hanger — nailed nailed or bolted improved joist hanger 


Figure 7.32 Joist hanger connection detail 


depth to suit joist, 
(usually 5 mm less 
than joist depth) 


fixing holes 
to suit 


typical joist hanger 
(size and fixings vary according to load and 
joist size — see manufacturer’s literature) 


Figure 7.33 Typical joist hanger 


30 x 3 mm mild steel flat 
typical restraint straps 
(size and fixings vary — see manufacturer’s literature) 


Figure 7.35 Typical straps 


packing to be provided 
tt bet at straps and to be 


| floor screed oO secured to joist 


100 mm “~~~ } 
min ao 100mm ~~ 
Oo : 
Oo min 
a 
in a | ct tt 
‘L’ strap or alternatively blocking or strutting between 
vertical twist ties built into wall and joists at strap positions 
cast in slab at 1800 mm centres straps to be carried over at 
least two joists 
insitu concrete timber joists 


Figure 7.34 Stabilising wall for parallel soanning members 


standard 75 mm x 1 mm 
thick ‘bat-u-nail’ plate 


plate bent to form angle in 
lengths up to 700 mm 


Figure 7.36 Typical pressed plates Figure 7.37. Typical framing anchors 
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stairs 
and 
lifts 


V 
200 mm block flat | 
walls to 


corridor 


on 
Bi: 


flat | 


stairs 


7m 


external cavity walls are: 
102.5 mm brick outer leaf; 
100 mm cavity and 

100 mm thick block inner leaf 


5m 


flat | 


— span of precast units 


Figure 7.38 Typical floor plan 


7.8 Design Examples: Straps and Ties for a 
Three-storey Masonry Building 


A typical three-storey building is to be built using loadbear- 
ing brick and block walls, precast concrete floor units and 
gang nail roof trusses. 


The following calculations are for a number of typical ele- 
ments and illustrate the procedures adopted and demon- 
strate the use of different strap details. For this reason, the 
calculations are not necessarily complete in themselves, 
being designed to be illustrative by nature. The designs are 
also based on working load design limits. 


Roof Construction 


Roof: Tiles on battens and felt on gang nail trusses at 
600 mm centres. 


Ceiling: 12 mm plasterboard. Fibre glass between trusses. 


Floor Construction 


Floor: Precast concrete floor units with 65 mm finishing 
screed. 


Ceiling: 12 mm plasterboard on battens. 


Loadings (BS 6399: Part 1) Residential Buildings 


Roof Dead loads 
Tiles =0.45 kN/m? 
Felt and battens =0.10 kN/m? 
Trusses =0.15 kN/m? 
Plasterboard =0.20 kN/m? 
0.90 kN/m? 
Imposed load 
0.75 kN/m? 
Floors Dead loads 
Screed and finishes = 1.60 kN/m? 
Precast units =2.20 kN/m? 
Plasterboard and battens =0.25 kN/m7? 
Services =0.10 kN/m? 
4.15 kN/m? 
Imposed load 
1.50 kN/m? 


insitu 
make-up 


roof trusses at 
600 mm c/c 


precast floors 


Figure 7.39 Typical cross-section 


Wind loading (BS 6399: Part 2: 1997) (referred to as the wind 
code in these calculations): 


Table 1, building location — Wirral — Merseyside 
V=23m/s 
V,=V,xS,x5gxS,xS, 


S,=1.0+0.001A, 
(where A, is the site altitude above mean 
sea level - take this as 20 m) 
S,= 1.02 


Basic wind speed, say 
Site wind speed, 
Clause 2.2.2.2.2, 


Clause 2.2.2.2.3, direction factor Sq=1 
(building orientation unknown) 


Clause 2.2.2.2.4, seasonal factor S,=1 
Clause 2.2.2.2.5, probability factor Sp =1 


Therefore V,=23x1.02x1x1x1 =23.46m/s 


Effective wind speed, V,=V, x S, 


(where S,, is a factor based on building height and closeness to 
sea — Table 4 of wind code. In this example assume for speed 
that effective height H, for use in Table 4 is 10.8 m and that 
the building is in the country and 2 km from the sea.) 


From Table 4, S, = 1.791 
Therefore V..= 23.46 x 1.791 = 42.02 m/s 
Dynamic pressure, 4, = 0.613 x 42.027 x 103 kKN/m? 


= 1.082 kN/m? 
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The wind forces ona building are divided into two categories: 


(a) The forces from the wind pressure acting normal to the 
surfaces of the building. 

(b) The forces parallel to the surface under consideration, 
i.e. drag forces which will be ignored in order to sim- 
plify the calculations. (Must be checked in practice.) 


Wind pressure on walls is given by: 


p.=4,% Coe xC, (external pressure) and 
P;=49,*C,;*C, (internal pressure) 


where Co is determined from Table 5 of the wind code, C, 
is determined from Figure 4 of the wind code, and Cai is 
determined from Table 16 and section 2.6. 


From Table 4, 
D~= 12. 
—= a8 =1.16 this is close to 1, therefore say C,,=+0.8 
h 10.8 P 


Cs =+0.6 for wind blowing east to west on Figure 7.38. 


Ce leeward suction coefficient = —0.3 (wind direction north 
to south) and —0.1 (wind direction east to west). 


Use worst case coefficients i.e. +0.8 and —0.3 for all walls. 


There are higher coefficients at zones close to corners; 
these will be discussed later but not figure in the rest of the 
calculations. 


The value of C,; depends on whether there is a dominant 
opening likely in a storm. In a building of this nature there 
is a negligible probability of a dominant opening occurring 
during a storm. Therefore, Cai =+0.2 and —0.3. 


Need to determine C, in order to calculate final pressures. 


C, depends on minimum diagonal dimension of any side of 
the building. Worst case is the gable end where the minimum 
diagonal dimension is approximately V(12.5? + 7.82) = 15 m, 
ignoring gable. Therefore C, = 0.935 from Figure 4 using 
line A. 


Therefore external pressure, p, = 1.082 x 0.8 x 0.935 = 
0.81 KN/m? 


C, for internal pressure is determined from Figure 4 also 
but the diagonal is determined as described in section 2.6 of 
the wind code. For this example take 


a=10x+(internal volume of storey) 
=10x+(200 x 2.6) 
(200 m? is approximate area of each floor 
and each storey is 2.6 m high) 
= 80.4 


Therefore C, for internal pressure = 0.828 (Figure 4 line A 
and diagonal = 80 m) 

Therefore internal pressure, p; = 1.082 x (0.3) x 0.828 = 
—0.27 kN/m2 

Pressure on walls: 

Applied pressure, p =p, — p; = 0.81 — (0.27) = 1.08 kN/m? 
Now consider the wind pressure on the roof. The roof angle 
is 221/2°. 

Looking at Table 10 of the wind code there are many local 


uplift effects around the edges, which will be ignored at 
present, but discussed later. 


Figure 7.40 Wind pressure on roof 


The worst general case from Table 10 will be for a wind 
direction of 90° where uplift is —0.6 and —0.25. There are 
many permutations of wind direction and uplift that can 
be considered, but often in the simpler structures it is 
quicker and easier to consider the worst case only, which 
is often easily sufficient as will be shown in the following 
calculations. 


Wind on gables, maximum a = —0.6 worst case, as men- 
tioned above. 


Cai for both cases, as before, = +0.2 and —0.3. 


When the wind is normal to the main elevations and Cue 
values are such that there is a net horizontal force applied to 
the roof, the value of this force is the difference between the 
Coc values multiplied by the dynamic wind pressure and 
this value resolved into the horizontal direction. 


Net horizontal force = (0.25 — 0.45) x 0.81 x sin 22!/2° 
= 0.062 kN/m?2 


This value is sufficiently small for it to be assumed, with- 
out further calculations, that the normal truss fixings will 
dissipate the load into the lateral walls. 


It will therefore be assumed that the pressure applied to the 
roof is uniform over the roof and has a maximum value of 


Pe- P= (1.082 x 0.6 x 0.935) — (1.082 x 0.2 x 0.828) 
=-0.79 kN/m? 


Resolving this pressure into the vertical direction, then 
Pressure =—0.79 x cos 22!/2° = —0.73 kN/m?2 
Design for elements to resist wind loading: 


Consider area A shown shaded on Figure 7.38, forces 
applied to walls and roof (worst case): 


Pressure on gable P,=+1.08 kN/m? 
Pressure on rear elevation P,=+1.08kN/m? 
Pressure on roof P,=-0.73 kN/m? 


These wind forces applied to the various parts of the build- 
ing must be transmitted through the walls down to ground 
level. 


For wind pressure on the gable walls, the corridor, front 
and rear external walls acting as shear walls will best trans- 
fer this loading to ground level. For wind on the front and 
rear elevations, the gable wall will transfer the forces down 
to the ground level together with walls internal to Flat A 
which are parallel to the gable wall. 


It is therefore necessary to check that these walls are cap- 
able of taking this loading to ground floor level. 
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trusses at 600 mm c/c 


P, pressure 
on gable wall 


internal wall 


section A-A 


100 mm block 
walls 


200 mm block wall —= 


200 mm block walls 


) 


section B-B 


ge 


enlarged plan on area A-A 


Figure 7.41. Enlarged plan of area ‘A’ 


Consider the Gable Wall 


Since the gable wall has no support from internal walls, it 
must be designed to span vertically between floors. The 
floors must, therefore, be capable of transferring this load to 
the corridor and external walls. 


The horizontal force at floor level due to wind load is: 
F=1.08 x 2.6 =2.81 kN/m? 


Calculate the axial load on the inner leaf, assuming density 
of blockwork = 18 kN/m%. The worst condition will be at 
first floor level, maximum load in the wall is then 


3x 2.6 18x 0.1=14.04 kN/m? 


From BS 5628: Part 1: 1978: section 4, clause 28.2.1, the 
lateral restraint must resist the horizontal forces plus 20° 
of the axial load. 


screed 


gable 
wall 


precast floor spanning 
parallel to, but built 
into, gable wall 


bed joint 


Figure 7.42 Gable wall to floor connection detail 


Forces to be resisted = 2.81 + | 14.0 x poe le 3.16 kN/m?2 
1000 

From BS 5628, clause 25: 
Permissible shear = vere 

3.5 

+ 0.6 
=0.10 N/mm? om : oo 
Ym 

16 x 10° 

Actual shear stress = SES lee 0.032 N/mm2 
100 x 103 


Therefore detail satisfactory. 


A precast concrete floor with screed will be adequate to 
transfer these forces to the corridor and external walls by 
diaphragm or plate action. 


At eaves and at roof level, the forces must also be trans- 
ferred. This must be done by the roof acting as a plate and in 
order to do this it may need to be braced. 


The masonry will tend to act as a propped cantilever and 
thus: 


F,= =n x wind pressure 


Fi,= a x wind pressure + pressure from wall below 


The maximum height, H, and thus maximum values of F, 
and F, occur at the ridge. These are: 
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+ —_ fF, 
truss a 
rafters 
timber h 
packing 
+ — F, 


Figure 7.43 Timber floor support to laterally loaded 
masonry wall 


30 x 5 mm strap 


150 mm ‘turn-down’ 
into cavity 


Pe 


truss rafter : 


timber pack 


Figure 7.44 Detail of timber strap connection to cavity 
wall 


bracing fixed to 
underside of rafters 


trusses at 


600 mm c/c 


straps 


ft 


corridor wall taken up to roof level 


(this bracing is additional to the bracing 
required to restrain the trusses) 


Figure 7.45 Plan at rafter level 


F,= : x 2.6 x (+) 1.08 = +1.053 kN/m? 


F= e x 4 2.6 x (+) 1.08 = 3.16 kKN/m?* 


The positive (inward) forces may be transferred into the 
roof by introducing a tight pack between the wall and the 
truss. However the negative (outward) forces not calcu- 
lated here but demonstrated earlier, require additional 
measures. 


Therefore, in accordance with Appendix C of BS 5628, 
introduce metal straps of minimum cross-sectional area of 
30 x 5 mm at 1.200 m centres at both roof and eaves level. 


The strap should be designed as follows: 


(a) To resist direct tensile force from the wind plus 2!/2% of 
the axial load. 

(b) To resist bending at the return down the cavity face. 

(c) To avoid any local crushing of the masonry. 

(d) With suitable fixings to connect the strap to the trusses. 


Having transferred the wind loading into the roof struc- 
ture, it is now necessary to design the roof and any bracing 
necessary to transmit this loading to the resisting walls. 


Introducing bracing as shown, the bracing should be fixed 
to the underside of the rafters. 


Both the bracing and its fixings should be designed to resist 
the compressive and tensile forces from pressure and suc- 
tion on the gable wall. Similarly, bracing should be intro- 
duced at eaves level to transmit the forces to the lateral 
walls. 


Consider the External Wall to the Rear Elevation 


The external wall, see Figure 7.46, has a series of intersect- 
ing walls at a maximum of 2.8 m centres, built directly off 
the precast units. It is not advisable, for reasons of different 
deflections, to bond these walls into the external walls. 
Metal anchors or wall ties may be introduced in the bed 
joints to afford these non-loadbearing intersection walls 
some degree of lateral support. These ties also offer the 
external cavity wall lateral support. To accommodate dif- 
ferential deflection, butterfly ties or similar should be used 
in every bed joint of the blockwork. The external walls can 
then be made to span horizontally between the internal 
walls. The internal walls are not continuous to ground 
level, and this necessitates the forces being transferred at 
each floor into the main dividing walls, which will then 
transfer the forces to ground level. 


Consider a 1 m strip of wall. The maximum force on the 
internal wall is: 


(2.8 + 1.8)/2 x 1.08 = 2.48 kN/m height 
The internal wall must be designed to resist: 


(a) overturning in the plane of the wall, 
(b) horizontal shear failure on the bed joints. 


precast floor unit 
(or roof truss) 


1.7 kN/m 


height Fem) 


1 


precast floor unit 


Figure 7.46 Elevation on internal wall 
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—0.03 kN/m? 


a on ee 


insitu rafter 


external wall 


Figure 7.47 Uplift loading on roof 


Having transferred the force into the floor then, as for the 
gables, the floor must be designed to transfer this loading 
into the resisting walls. 


Consider Wind Forces on the Roof 
Roof loading 

Dead weight = 0.9 kN/m? 

Imposed load = 0.75 kN/m? 

Wind loading =-0.73 kN/m? (uplift) 


The dead weight of the roof must be sufficiently heavy to 
provide a factor of safety of 1.4 over the uplift from the 
wind. If this factor is not achieved the roof must be 
strapped down to prevent the possibility of it lifting off. 
Thus the factor of safety = 0.9/0.73 = 1.23 which is inad- 
equate. Therefore uplift to be designed for is 


~ — 0.73 =—0.087 kN/m? 


Net upward force, Ry = 


0.087 x 6.25/ 6.25 0.75 
5.5 2 


=0.08kN/m 
At the corridor wall, R, =0.23 kN/m 


The roof trusses bear onto a wall plate which then sits on 
the wall. The fixing of the trusses to the wall plate should be 
designed to resist the uplift force. 


The force on each truss = 0.23 x 0.6 = 0.138 KN (trusses at 
600 mm c/c). Thus if the trusses are skew nailed to the 
wall plate and using the withdrawal value given in BS 5268, 
Part 2, Table 23, for 4 mm diameter smooth round wire nails 
in C16 timber: 


Resistance to withdrawal using two nails = 2.26 N/mm 
penetration 


0.138 x 10° 
2x 2.26 


Penetration length required = =30.5mm 

To ensure this penetration is achieved use 75 mm long 
nails. Alternatively, use proprietary fixings which can be 
justified. 


trusses at 600 mm c/c 


strap centres ‘ 


+ 


(limited to span of wall plate) 


Figure 7.48 Elevation on straps 


holding down straps 
and fixings all to be 
designed to resist uplift 


Figure 7.49 Fixing of holding down straps to wall 


strap _— wall plate 


area resisting 
uplift 


blockwork 


Figure 7.50 Area of wall resisting uplift from strap 


It is necessary to tie down the wall plate to the blockwork to 
resist the net upward forces. The centres of the straps must 
be limited to the maximum distance the wall plate can span 
to transfer the uplift from each truss to the strap positions. 


The strap should be designed to resist the full tensile force 
due to uplift and the fixings likewise designed to transfer 
the force into the blockwork. For this purpose the strap can 
be assumed to be connected to triangular areas of block- 
work (as shown in Figure 7.49) enclosed by a 45° line (see 
Figure 7.50). Note that where straps are close together (or 
very long) the area from two adjoining straps may overlap. 
Obviously the same area of blockwork cannot be used to 
resist the uplift on both straps. 


8 Stability, Accidental Damage 
and Progressive Collapse 


During recent years, there has been an increasing number 
of collapses of different types of structures built in a vari- 
ety of structural materials. Apart from the ever-present 
causes of mistakes in design, erection and construction, the 
situation has been aggravated by changes in: 


(a) the methods of design and construction, 

(b) the increased use of specialist sub-contractors, 

(c) the lack of awareness, by some designers, that sound 
structural elements can be inadequately connected and 
thus form unstable structures, 

(d) the increase in the hazard of accidental forces. 


(a) Methods of Design and Construction 


The continuing decrease in the factors of safety (with the 
accompanying increase in stresses), together with the con- 
tinuing pressure to cut costs by reducing the amount of 
material and labour in construction, have led to the almost 
total disappearance of traditional massive structural forms. 
Buildings are far less robust than they used to be, and are 
now relatively flimsy. The introduction of new and com- 
paratively untried materials, which are not standing up to 
the test of time, has not helped the situation. Structural 
design is becoming more and more complex and sophisti- 
cated, increasing the possibility of errors being made by 
young engineers whose education is becoming more theor- 
etical and less practical. 


(b) Increased Use of Specialist Sub-contractors 


It is not uncommon, for example, to find that a piling 
contractor has designed and formed the foundations for 
steel columns, designed and erected by a steel fabricator, 
used to support a prestressed concrete deck designed and 
erected by another specialist, on which has been erected 
a glued laminated timber frame designed by yet another 
specialist. Each element of this hybrid structure is normally 
perfectly structurally adequate in itself, but, since there 
has been no overall engineering supervision and respons- 
ibility, the resulting complete structure may be structurally 
unsound. 


(c) Inadequate Connection of Structural Elements 


It is not uncommon for designers to consider a wall as being 
restrained top and bottom, and then fail to check that it is in 
fact so restrained. Designers sometimes fail to appreciate 
that returns on the ends of walls, or other restraint or stiff- 
ening, may be necessary. A number of single-storey factor- 
ies, and similar structures, have the main loadbearing wall 
inadequately restrained by the roof trusses, so that the 


effective height is greater than the designer has allowed for 
(see Figure 8.1). Further increasing the risk, the non-axial 
loaded gable wall, subject to wind loading, is not only unre- 
strained at roof level but movement joints are positioned 
between it and the side, or return, walls. The gable wall has 
thus no returns on its ends and is unstable on its horizontal 
axis and, lacking restraint from the roof, it is not robust on 
its vertical axis (see Figure 8.2). It is hardly surprising that 
collapses of gable walls in factories, etc., are not uncommon. 
Indeed, it is surprising that more of them do not fail. 


Similar faults occur in multi-storey structures, where floors 
and roofs are not adequately tied or strapped to the walls, 
and where walls lack edge restraint. 


In the authors’ opinion, this particular aspect of design and 
construction is of very great importance and, for that reason, 
the whole of Chapter 7 was devoted to the subject. 


(d) Risk of Accidental Damage 


The decrease in robustness, together with an increase in the 
possibility of blast and impact forces from chemical plants, 
gas explosions, traffic accidents, etc., and changes in the use 
of structures leading to the chance of overloading, have 
combined to make all structures — in all materials - more 
susceptible to accidental damage, less stable, and more 
prone to the risk of progressive collapse (also called dispro- 
portionate collapse). 


Having outlined some of the major causes of failures, it has 
to be admitted that, statistically, the risks are not very great. 
For example, from surveys by the Construction Industry 
Research and Information Association (CIRIA), and others, 
it has been estimated that the risk of a fatality due to a struc- 
tural accident is 1 : 3 000 000 — as against 1 : 8000 from a car 
accident. Or again, the financial losses due to fires are about 
200 times more than the losses due to structural accidents. 
However, this does not give the designer the right to take 
risks — low though they may be. People want to be as ‘safe 
as houses’, and the emotional, social and political impact 
and implications of a structural accident far outweigh a 
rational acceptance of the risk. 


8.1 Progressive Collapse 


‘Progressive collapse’ is the term used to describe the 
behaviour of a structure when local failure of a structural 
member (beam, column, slab, wall, etc.) occurs due to an 
accident of limited magnitude, destroying or removing 
the member and causing adjoining structural members to 
collapse. A chain reaction — ‘house of cards’ or ‘domino’ 
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walls and assumed to provide 
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Figure 8.1(a) Error in effective height assumption 
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of wall 


effective height 
(less than actual) 


horizontal girder and transmits wind 
force to side walls 


Figure 8.1(b) Effective height where roof bracing provi 


effect — can then spread throughout the whole or the major 
part of the structure, causing it to become unstable and col- 
lapse. Thus the final major damage is out of all proportion 
to the initial and minor cause. 


After the disaster at the Ronan Point concrete system-built 
high-rise block of flats in May 1968, when the removal of 


ded 


only one wall panel caused widespread damage to the 
structure and the deaths of four people, it became manda- 
tory for engineers to check certain structures to ensure that 
the removal of any structural element would not cause a 
spread of collapse. The factor of safety required against pro- 
gressive collapse is low, being only 1.05. It should be appre- 
ciated that, although the structure might not collapse, it 
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Figure 8.2 Stable and unstable wall examples 
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wall cantilevers 
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Figure 8.3. Wall behaviour following removal of part 


may be unserviceable due to excessive cracking and deflec- 
tion, and be left with an unacceptably low load-carrying 
capacity. It may well need extensive repair or even rebuild- 
ing. The provision in the design is, therefore, limited to the 
immediate safety of the occupants. 


To keep this problem in proportion, experience has shown 
that masonry structures have an innate ability to withstand 
shock and are resistant to progressive collapse. Masonry 
structures have the capacity to arch, span and cantilever 
over openings caused by the removal of a structural wall or 
other support (see Figure 8.3). 


Many masonry structures were seriously damaged by 
bombing and fire during the Second World War, and did 
not collapse. There have been numerous incidents since, 
when masonry structures have suffered incompetent 
demolition during alterations, impact from heavy lorries, 
blast from explosions, removal of support floors and roofs 
due to fire damage, etc., without collapsing. 


8.2 Stability 


All structural codes for all materials will pay attention to the 
problem of stability and structural masonry is no exception. 


To limit the effects of accidental damage and to preserve 
structural integrity, BS 5628, clause 20.1, provides general 
recommendations which may be interpreted as follows: 


(1) The designer responsible for the overall stability of the 
structure should ensure that the design, details, fixings, 
etc., of elements or parts of the structure are compatible, 
whether or not the design and details were made by 
him. This means, for example, not only checking that 
a specialist roof design can carry its own load, but also 
ensuring that it is properly tied to the walls and can 
transfer, say, wind forces from them. 


(2) The designer should consider the plan layout of 
the structure, returns at the ends of walls, interaction 
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unstable structure longitudinally 
due to lack of restraint 


wind NN, 


(a) unstable structure 


(c) more stable structure 


stable structure but liable to some distortion 
if floors are not properly tied to walls to 
give restraint 


(b) (possible) unstable structure 


(d) most stable structure 


Figure 8.4 Plan layouts of structural forms of varying degrees of robustness 


(3) 


between intersecting walls, slabs, trusses, etc., to ensure 
a stable and robust design. 


The Code does not define or quantify ‘robustness’, but 
most designers would probably assume it to mean 
a structure’s ability not to suffer a major collapse due 
to minor accidental damage. To obtain a consensus of 
opinion on an acceptable degree or quantity of robust- 
ness has proved difficult. Probably because any one 
designer’s opinion depends not only on his experience, 
but also on his confidence and daring, or his caution and 
apprehension. Figure 8.4 shows plan layouts of masonry 
structures with differing degrees of robustness. 


The designer should check that lateral forces acting on 
the whole structure are resisted by the walls in the plans 
parallel to those forces, or are transferred to them by 
plate action of the floors, roofs, etc., or that the forces are 
resisted by bracing or other means. 


The interaction between the walls, floors and roof 
affects the robustness of the structure. The lateral forces 
on the walls can be transferred to shear walls (walls 
parallel to the line of action of the lateral forces) by the 
floors or roof acting as horizontal diaphragms or wind 
girders — this being known as ‘plate action’. The plate 
action of a roof was shown in Figure 8.1(b). Floors, how- 
ever, vary in their ability to provide plate action. A two- 
way spanning insitu reinforced concrete slab bedded 
into the external wall and continuous over the internal 


continuity 
reinforcement 


walls restrained by 


reinforcement and ties . 
slab embedded into 


external wall 
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es 


KXXXX) 
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anchor ties 2-way span 
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p f 
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section A-A 


Figure 8.5 More robust insitu concrete floor 


walls (see Figure 8.5), is obviously stiffer than precast 
concrete planks simply supported on the walls and not 
provided with lateral ties to the edge walls or continu- 
ity over the internal walls (see Figure 8.6). 


98 


Structural Masonry Designers’ Manual 


precast concrete 
units, simply 
supported 


no continuity 
reinforcement 


no anchor ties 


precast units 


i i 
( i J 


section A-A 


[XS 


Figure 8.6 Less robust precast concrete unit floor 


most robust (i) insitu two-way 
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continuity steel or tie 


least robust bars at supports 


Figure 8.7. Degree of robustness of various floor 
systems 


(4) 


(5) 


(6) 


Figure 8.7 shows flooring alternatives for a multi-storey 
masonry structure and indicates the variation in the 
degree of robustness imparted to the structure. 


Structures should be designed to resist a uniformly 
distributed horizontal load of 1.5% of the total charac- 
teristic dead load (0.015G,) above any level for the load 
conditions given in clauses 22b (dead and wind load) 
and 22c (dead, imposed and wind load). 


Adequate strapping or tying (see Chapter 7) should be 
provided, where appropriate at floors and roofs. 


Earth retaining and foundation structures. The overall 
dimensions and stability of earth retaining and founda- 
tion structures (e.g. the area of pad footings, etc.) should 
be determined by appropriate geotechnical procedures, 
which are not considered in this Code. However, in 


order to establish section sizes and strengths, which 
will give adequate safety and serviceability without 
undue calculation, it is appropriate in normal design 
situations to apply values of y, comparable to those 
applied to other forms of loading. 


The factor y, should be applied to all earth and water 
loads unless they derive directly from loads which have 
already been factored in alternative ways to those 
described in clause 21 and clause 22 of BS 5628, Part 1, 
in which case the loads should be derived to achieve 
equilibrium with other design loads. When applying 
the factor y, no distinction is made between adverse 
and beneficial loads. 


8.3 Accidental Forces (BS 5628, clause 20) 


No structure can be expected to resist excessive loads due 
to an extreme cause, such as a large plane crashing into it, 
but it should be able to withstand the impact of a lorry, or 
the possible mis-use of temporary and slight overloading, 
without collapsing completely. Nor should it suffer dam- 
age disproportionate to such a cause. Only the column, wall 
or slab, etc., subject to the excessive load should suffer prim- 
ary damage, and not the adjoining structural elements. 


When, because of the use or position of a structure, there is 
a potential hazard such as a fuel dump or a chemical plant 
(e.g. the Flixborough disaster in the 1970s where an explo- 
sion caused severe damage to buildings in the vicinity), the 
design should ensure that, in the event of an accident, there 
is an acceptable probability that despite serious damage the 
structure will remain standing. 


A fairly typical case is that of a bus garage where the 
columns supporting the lintels over the large door open- 
ings are liable to vehicle impact. The danger can be reduced 
by protecting the columns with bollards and designing the 
lintels as a continuous beam. In the event of a column being 
removed, the beam should be able to span over the greater 
length with a factor of safety of 1.05 (see Figure 8.8). 


door opening 


column 


column destroyed 


a 


lintol changed to continuous beam with FoS 
of 1.05 ie here acting as a simply supported 
beam 


Figure 8.8 Effect of column removal on the behaviour 
of the structure 
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8.4 During Construction 


Although it is the contractor’s normal contractual respons- 
ibility to maintain the safety of the works during construc- 
tion, ie. be responsible for the design and erection of all 
temporary works, to ensure adequate temporary bracing, 
shores, etc., the designer has a statutory duty of care in 
accordance with the Construction Design and Management 
(CDM) Regulations. The designer must consider whether 
special precautions or special temporary propping are 
needed to ensure the stability of the structure. If the 
designer considers that special precautions, etc., are neces- 
sary, he should inform the contractor, in writing, that such 
measures are advisable. Since, unfortunately, some con- 
tractors are eager to be absolved of their contractual 
responsibility to maintain the safety of the works, care must 
be taken by the designer in specifying the special precau- 
tions. If such care is not taken, the designer could find him- 
self responsible for the design of all temporary works. 


8.5 Extent of Damage 


When a column or wall collapses due to accidental dam- 
age, known as ‘primary’ damage, the beams or slabs sup- 
ported by the column or wall will suffer ‘consequential’ 
or ‘secondary’ damage. The structure must have adequate 
residual stability not to collapse completely, and the Code 
further advises that the designer should satisfy himself that 
‘... collapse of any significant portion of the structure is 
unlikely to occur’. What is ‘significant’ is not defined, and 
is left to the engineer’s judgement. The collapse of a carpet 
warehouse, which damages a few carpets, can be consid- 
ered morally and emotionally as not so serious as the col- 
lapse of a school assembly hall killing a hundred children, 
but failure of either structure must be avoided. 


Specific guidance is given in The Building Regulations, 
particularly Part A (2004 Edition). These rules are the min- 
imum that must be followed, but do not restrict the engi- 
neer’s judgement on an individual case basis. Where an 
engineer feels that there is a need for a more robust design 
based on professional judgement then that design should 
subsume the rules given in The Building Regulations. The 
guidance given in The Building Regulations, Part A, 2004 
relates to different classes of buildings which are cat- 
egorised as below. Regulation A3 requires that the building 
shall be constructed so that in the event of an accident, the 
building will not suffer collapse to an extent disproportion- 
ate to the cause. 


Class 1 


Houses not exceeding four storeys; agricultural buildings 
and buildings into which people rarely enter, provided that 
no part of the building is closer to any other building or area 
where people have access, than a distance equal to 1.5 times 
the height of the building being designed. 


Class 2A 


Five-storey single-occupancy houses; hotels of four storeys 
or less; flats, apartments and other residential buildings 


of four storeys or less; offices of four storeys or less; indus- 
trial buildings of three storeys or less; retail premises not 
exceeding three storeys or less than 2000 m? floor area in 
each storey; single-storey educational buildings; all build- 
ings not exceeding two storeys to which members of the 
public are permitted and which contain floor areas not 
exceeding 2000 m? at each storey. 


Class 2B 


Hotels, flats, apartments and other residential buildings 
exceeding four storeys but not exceeding 15 storeys; educa- 
tional buildings exceeding one storey but not exceeding 15 
storeys; retailing premises exceeding three storeys but not 
exceeding 15 storeys; hospitals not exceeding three storeys; 
offices exceeding four storeys but not exceeding 15 storeys; 
car parking not exceeding six storeys; all buildings to which 
members of the public are admitted which contain floor 
areas exceeding 2000 m? but less than 5000 m7 at each storey. 


Class 3 


All buildings given above as Class 2A and 2B that exceed 
the limits on area and/or number of storeys: grandstands 
accommodating more than 5000 spectators; buildings con- 
taining hazardous substances and or processes. 


The Building Regulations specify that for each building 
class the following provision must be made. 


For Class 1 buildings: If the building is designed and 
constructed in accordance with Part A3 of The Building 
Regulations or other guidance given in Al and A2 of the 
same regulations for normal use, then no additional meas- 
ures are likely to be necessary. However the professional 
engineer must decide if there is a risk of disproportionate 
collapse for each and every structure for which he/she is 
responsible, irrespective of compliance with The Building 
Regulations. The example of the bus garage given in section 
8.3 above might come under Class 1 buildings and there- 
fore have no specific requirements for disproportionate 
collapse consideration in accordance with The Building 
Regulations, but this does not absolve the engineer from 
considering if the structure should be designed considering 
disproportionate collapse possibility. 


For Class 2A buildings: For this class of buildings, provide 
effective horizontal ties, or effective anchorage of suspended 
floors to walls, as described in the Code and described in 
this chapter. 


For Class 2B buildings: For this class of buildings, provide 
effective horizontal ties as for Class 2A buildings plus 
either of the following: 


e effective vertical ties as defined in BS 5628, Part 1 in all 
supporting columns and walls, or 

e check that the removal of any supporting column, or 
any beam supporting a column, or any nominal length 
of supporting wall (only one element at a time to be 
removed in each storey) does not render the building 
unstable and that the extent of any collapse, resulting 
from the removal, does not exceed 15% of the floor area 
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of that storey or 70 m?, whichever is smaller (see example 
in Figure 8.9(a)). The collapse must not extend further 
than the immediate adjacent storeys. Where the removal 
of the elements does exceed the collapse extents given 
above then that particular element must be designed 
as a ‘key element’ in accordance with The Building 
Regulations, Part A3. 


For Class 3 buildings: For this class of buildings ‘a systematic 
risk assessment of the building should be undertaken 
taking into account all the normal hazards that may reason- 
ably be forseen, together with any abnormal hazards’. 


In the seven-storey crosswall apartment structure shown in 
Figures 8.9(a) and 8.9(b), an accident has taken place on the 
third floor. The external wall and two crosswalls have been 
blown out, and the third and fourth floors damaged. The 
Building Regulations state that the designer must cater for 
the removal of any one element at a time. This is reasonable 


4m area of damage = 70 m? 
or 15% of plan area 
(whichever is lesser) 
15/100 x (12 x 20) = 

0 36 m? 

20m 4m 

damaged area say 

al 6mx6 mie 36 m2 

4m 


incident 


plan 
Figure 8.9(a) Example of extent of damage to floor 
permissible under Part A of Building Regulations 


wall damaged 


wall removed 


limit of 
vertical 
damage 


incident floors damaged 


section through building 


Figure 8.9(b) Example of vertical damage to 
permissible under Part A of Building Regulations 


in that when one wall is destroyed, it is likely to reduce the 
pressure on the other walls. The second floor may be sub- 
ject to debris loading. This is the limit of allowable damage 
and the remaining structure must have adequate residual 
stability, as stated in BS 5628. 


8.6 Design for Accidental Damage 


8.6.1 Partial Safety Factors 


The partial safety factor for design load, y,, is reduced as 
follows: 


Design dead load =0.95G, or 1.05G, 


Design imposed load = 0.35Q, (except that, in the case of 
buildings used predominantly for 
storage, or where the imposed load 
is of a permanent nature, 1.05Q, 
should be used) 


Design wind load =0.35W,, 


The partial safety factors for material strength, y,,, may be 
halved when considering the effects of accidental damage. 
For a wall or column with a high axial load subjected to a 
lateral design load, and treated as a ‘protected’ member 
(see later for definition), y,, may be further reduced to 1.05. 


Example 1 


For simplicity, let G, and Q, be unity for the two-span 
continuous slab shown in Figure 8.10. Determine the end 
reaction and the characteristic strength required for the end 
walls (y,,, = 2-5). 


If the central support is removed by accident, determine the 
characteristic strength required for the end walls, y,, = 1.25 
(see Figure 8.11). Note that slenderness considerations of 
the walls have been omitted to simplify demonstration of 
the principle. 


This very simplified example serves to emphasise that 
when checking a designed structure for accidental damage, 


load = 1.4G, + 1.6Q, 


ee 


3 units 


(1.4 « 1) + (1.6 x 1) 


reaction R=3/8xWxL 


=3/Bx3x4 
= 4.5 units 
f R R 4.5 _ 11.25 |. 
aS a Yn =2.5 = units 
im A baa oo 


Figure 8.10 Beam details for Example 1 


load = 1.05G, + 0.35Q, = (1.05 x 1) + (0.35 x 1) = 1.4 units 


8m ,|— reaction R= Wx L/2 


= 5.6 units 


FaeR way xb =1.25 x 58 = 20 


7 A rs units 


Figure 8.11 Beam details for Example 1 
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Table 8.1 Detailed accidental damage recommendations 
Class 1 (See Plan form and construction to provide 
section 8.5, robustness, interaction of components 
this book) and containment of spread of damage 


(see clause 20) 


Additional detailed recommendations 


Mandatory Option (1) or Option (2) 
Class 2A (See — Plan form and construction to provide Horizontal ties None None 
section 8.5, robustness, interaction of components Peripheral, internal 
this book) and containment of spread of damage and column or wall in 
(see clause 20) accordance with clause 
37.3 and Table 13 
Class 2B (See — Plan form and construction to provide Horizontal ties Vertical elements Vertical ties 


section 8.5, robustness, interaction of components Peripheral, internal Vertical elements, unless In accordance 
this book) and containment of spread of damage and column or wall in protected, proved with clause 37.4 
(see clause 20) accordance with clause — removable, one ata and Table 14 
37.3 and Table 13 time, without causing 
collapse or Option (2) 
Class 3 (See Form decided by engineer following a Design and details to None None 
section 8.5, systematic risk assessment of allhazards satisfy the outcome of 
this book) the risk assessment 
the loads are decreased and the allowable stress increased. 
It should be noted that although the end walls in the exam- 
ple may stand up, the floor slab may have such an excessive ' 

: : our 
deflection as to be unserviceable. storey 
8.6.2 Methods (Options) of Checking 
An experienced designer can check by eye to establish if a rer 

piloti 


designed structure is robust and capable of withstanding 
accidental damage. But, since robustness — like beauty — is 
a subjective assessment (see also section 8.2), there may be 
differences of opinion between the designer and the check- 
ing authority. 


A multi-storey cellular structure (see Figure 14.37), having 
short spans, two-way continuous rc floor slabs with good 
tying to the outer leaf of the external cavity wall, numerous 
sturdy partitions bonded into the loadbearing walls, etc., 
would be unlikely to need checking for accidental damage. 
Similarly, a deep diaphragm wall of moderate height, 
capped by a continuous rc beam with a rigidly braced and 
stiff-sheeted roof firmly fixed to it, is hardly likely to col- 
lapse completely if a heavy lorry crashes into it. Where 
a detailed check is necessary, the engineer is referred to 
Table 12 of the Code (see Table 8.1) provides the designer 
with a number of options. (Please note that Table 12 of 
BS 5628, Part 1, 2002 currently conflicts with The Building 
Regulations, Part A and should be ignored along with any 
reference to category 1 and 2 type structures in section 5 of 
BS 5628, Part 1.) 


Oddly enough, a piloti base does not count as a storey 
— thus the building shown in Figure 8.12 is a four-storey 
building. Basements on the other hand do count as a storey. 


Figure 8.12 Example of piloti base which does not 
count as a storey 


The Building Regulations Part A is specific in the require- 
ments for a Class 2A structure, i.e. horizontal ties must be 
provided (see Table 8.3). However for a Class 2B structure, 
the engineer does have two options with respect to vertical 
elements. These options are to provide horizontal ties as 
Class 2A structures plus either: 


Option 1: Check the extent of damage caused by the 
removal of individual vertical loadbearing elements as 
described in Part A of The Building Regulations and design 
the element as a protected member if this is excessive, or 


Option 2: Provide vertical ties in the structure in accordance 
with the Code (see later for details). 
8.6.3 Loadbearing Elements 


These are defined in Table 11 and clause 37.5 of the Code 
(see Table 8.2). 


It will be noted from the table that the length of a wall, 
which forms a vertical loadbearing element, depends upon 
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Table 8.2 Loadbearing elements (BS 5628, Table 11) 


Type of loadbearing element Extent 


Beam 
Column 


Slab or other floor and 
roof construction 


Wall incorporating one 


or more lateral supports? of the wall 


Wall without lateral supports 


Clear span between supports or between a support and the extremity of a member 
Clear height between horizontal lateral supports 


Clear span between supports and/or temporary supports? or between a support 
and the extremity of a member 


Length between lateral supports or length between a lateral support and the end 


Length not exceeding 2.25h anywhere along the wall (for internal walls) 


Full length (for external walls) 


* Temporary supports to slabs can be provided by substantial or other adequate partitions capable of carrying the required load 
» Lateral supports to walls can be provided by intersecting or return walls, piers, stiffened sections of wall, substantial non- 
loadbearing partitions in accordance with (a), (b) and (c) of clause 37.5, or purpose-designed structural elements 


floor area of wall to be considered 
slabs removed 
h=2.5m 
Ss 
5.625 m 
internal wall =2.25x2.5m 


Figure 8.13 Example of area of wall considered to be 
removed for progressive collapse calculations 


the position of the wall and the presence of lateral supports. 
For example, the complete length of an external wall, with- 
out lateral supports, must be removed for an accidental 
damage check. On the other hand, for an internal wall, only 
a length 2.25 x clear storey height need be considered to be 
removed. Thus in the case of an internal wall in a block of 
flats with a clear height between lateral supports of 2.5 m, 
only a length 2.25 x 2.5 m = 5.625 m need be considered 
removed at any one time (see Figure 8.13). 


The designer must check the worst condition for structural 
collapse, ie. where to remove the 5.625 m length of the 
internal wall to create the most critical overall design 
condition. 


For both internal and external walls, the provision of vertical 
bracing by lateral supports reduces the length of the wall to 
be examined for the effects of removal. What constitutes a 
‘lateral support’ is defined in clause 37.5 of the Code as: 


(a) an intersecting or return wall, 
(b) a pier or stiffened section of the wall, 
(c) asubstantial partition. 


Detailed descriptions of these are as follows: 


(a) An intersecting or return wall tied to the wall for which 
it provides lateral support, with connections (bonding, 
wall ties, straps) capable of resisting a force of the lesser 
of 60 KN or (20 + 4N,) KN, where N, is the number of 
storeys including the ground floor and the basement of 
the building, per metre height of the wall. The value 
60 KN or (20 + 4N,) KN is the basic horizontal tie force F,. 
The intersecting or return wall must have a length of 
h/2 without openings, be at right angles to the sup- 
porting wall, and have an average mass of not less than 
340 kg/m? (see Figure 8.14). 


(b) A pier or stiffened section of the wall, not more than 1m 
in length, and capable of resisting a force the lesser of 
90 kN or (30 + 6N,) KN, per metre height of the wall (see 
Figure 8.15). 


(c) A substantial partition at right angles to the wall, 
having an average mass of not less than 150 kg/ m?, and 


length of wall to be checked for removal 


f 


bonding or ties capable 
of resisting a force of 

60 kN or (20 + 4N,) kN 
per metre height of wall 


Figure 8.14 
calculations 


minimum length = h/2 


a 


intersecting walls — weight door 
not less than 340 kg/m? 


opening 


Intersecting wall requirements for calculation of length of wall removed for progressive collapse 
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length of wall to be checked 
for removal 


stiffened section column 
(steel or rc column) capable 
of carrying vertical load 
carried by removed wall plus 
depth of pier necessary to resist —_ ability to span as a beam 
bending (when spanning between subject to lateral pressure 
floors) due to accidental damage 

plus the lateral reaction from the 

wall spanning onto it 


maximum width = 1 m 


Figure 8.15 Column and pier requirements for 
calculation of length of wall removed for progressive 
collapse calculations 


tied with connections capable of resisting 30 KN or (10 + 
2N,) KN per metre height of the wall. The partition need 
not be in a straight line but should, in effect, divide the 
bay into two compartments (see Figure 8.16). 


Since many buildings have return walls, intersecting walls 
and substantial partitions, it is not often necessary to add 
further lateral supports to a wall. On the few occasions 
when it is necessary to add lateral supports, it is generally 
preferable to add masonry piers — rather than to introduce 
steel or rc columns — so as to limit the number of trades, 
operations, etc., on the site. 


The reason for tying the lateral supports to the wall is to 
prevent large areas tearing off, and to assist a yield line type 
failure (see Figure 8.17). 


For a clear storey height of, say, 2.5 m and a distance of 
3.5 m between lateral supports — a typical case in a block of 
flats — the load on the ties can be calculated approximately 
(see Figure 8.18). 


length to 
minimum length 1m 


The accidental load on the shaded area in Figure 8.18 is 


1 


x 34 
7 


- [asi 2428*28,, 


| 


The tying resistance/m height is 


2.52 


2.5 + 7) 
2 
Se XO 


2.5 


(1+1.25) x 34 
=76.5 kN 


2.52 


2.5 + 23) x 34. kN/m? 


ll 


This compares reasonably with the required force of 30 kN 
in type (c) support, 90 KN in type (b) and 60 kN in type (a). 
The reason for the comparatively low force of 30 kN in type 
(c) is that a substantial partition dividing a bay into two 
compartments assumes that it limits the accidental damage 
to one compartment only. 


8.6.4 Protected Member 


Some structural members are so vital to the stability of a 
structure that removal by damage would cause extensive 
collapse or damage to the whole structure. An extreme 
case is depicted in Figure 8.19, where it is obvious that the 
removal of the column or cantilever would result in the 
collapse of the structure. 


Such members, and their connections, must be designed 
to resist the full accidental loading of 34 kN/ m?, applied 
from any direction to the member directly, together with 
the reaction from contiguous (connected) building compon- 
ents (i.e. sheeting, walling, etc.) also subjected to the same 
accidental loading. In practice, most building components 
would have a much lower ultimate lateral resistance and 
would fail way below a loading of 34 kN/ m2, and thus 
transmit relatively low reactions to the protected member. 


be checked for removal (if less than 
2.25xh 


)}$—" —__. 


Sy 


partitions need not 
be in a straight line 


but must divide bay | : 


ross-wall ——>} |. 
ChOSS Wel in two 


= l aa re substantial partitions of average weight 
not less than 150 kg/m? 


cross-wall 


connection capable of resisting 30 kN or 


(10 + 2N,) KN/m height of wall 


: : 
length to be checked for 
removal 


Figure 8.16 Partition wall requirements for calculation of length of wall removed for progressive collapse 


calculations 
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whole section of wall torn away by 
accidental damage 


intersecting walls 
inadequately tied 


part of wall torn away by 
accidental damage 


intersecting walls 
adequately tied 


Figure 8.17 Yield line type damage of wall where tied 
to intersecting walls 


accidental load of 
34 kN/m? 


floor slab 


y 


2.5m 


495 m, 1m 1.25 m! 
ica Par Pc 


lateral | I 
support 3.5m 


Figure 8.18 Example of calculation of area of yield line 
type damage 


4 Lee building 
: cantilever 


column 


Figure 8.19 Example of single support for whole 
structure 


The protected member must, as stated above and shown in 
Figure 8.20, be able to withstand an accidental loading in 
any direction. 


The ability of masonry walls or piers to withstand an acci- 
dental force of 34 kN/m? applied vertically seldom creates 
problems. However, problems do arise when the force is 
applied laterally to a wall that does not have a sufficiently 
high axial load to provide the precompression necessary 


directions of 
accidental loading 


Figure 8.20 Directions in which accidental damage 
force are applied 


to counteract the flexural tensile stress and reduce it to 
an acceptable level. The acceptable level is that strength 
multiplied by half the partial factor of safety for material 
strength, y,,,- 


Conversely, it can be considered that a wall which by 
virtue of its axial load can withstand the lateral accidental 
loading, with an acceptable partial safety factor, is of itself 
a protected member. In practice, it is quite common to 
find that there is sufficient precompression in loadbearing 
masonry to counteract the flexural tensile stress at about 
the third, or sometimes the fourth, storey down from the 
roof. It follows that it is not always necessary to check most 
walls on the lower storeys of buildings in Class 2B, particu- 
larly internal walls. However, to reiterate a point made ear- 
lier, the authors feel that designers should check all walls, 
etc., on their first projects until they have gained sufficient 
experience to dispense with checking by calculations and, 
using their engineering judgement, check by eye. 


Option 1 


Under this option (see Table 8.1), the removal analysis 
applies to vertical members only, and does not apply to floor 
and roof slabs — for which, horizontal tying is required. 


The provision of lateral supports to walls, plus the pro- 
vision of a robust plan form, will obviously reduce the 
amount and the spread of damage to the vertical loadbear- 
ing elements. To reduce the spread of horizontal damage, 
and the repercussion of secondary damage to the vertical 
elements, the floors must be able to span or cantilever over 
the damaged area. 


The normal secondary, or distribution, reinforcement in 
continuous insitu re slabs is usually sufficient to allow the 
floor to span or cantilever over a damaged, failed or removed, 
internal vertical support. With floors constructed of simply 
supported precast concrete units, extra reinforcement is 
usually necessary. Similarly, timber floors normally need 
tying round their periphery, and some two-dimensional 
tying internally. The basic horizontal tie force, F,, to be used 
in determining the amount of tying required is the same 
as that for the vertical elements, mentioned above, namely 
F, = 60 KN or (20 + 4N,) kN, whichever is the lesser of the 
two values, where N, = number of storeys including the 
ground floor and any basements. 


The Code requirements for peripheral (external), internal, 
and column and wall ties are provided in Table 8.3. 
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Table 8.3 Requirements for full peripheral, internal and column or wall ties (BS 5628, Table 13) 
Type of tie | Unit of tie Size of design Location of tie force (arrowed) | Fixing requirements and notes 
force tie force 
A kN F, Around whole perimeter Ties should be: 
Peripheral (a) placed within 1.2 m of edge of floor or roof in 
perimeter wall 
(b) anchored at re-entrant corners or changes of 
construction 
B kN/m width | F, or One-way spans (i.e. in crosswall | (a) Internal ties should be anchored to perimeter 
Internal F(G,+ Q,) L, | or spine construction) ties or continue as wall or column ties 
(both 75. *s 5 | (i) indirection of span (b) Internal ties should be provided: 
ways) whichever is the (1) uniformly throughout slab width, or 
greater (2) concentrated in beams (6 m max. horizontal 
F, (ii) in direction perpendicular tie spacing), or 
to span (3) within walls 0.5 m max. above or below the 
F, or Two-way spans (in both slab at 6 m max. horizontal spacing 
FAG, + Q,) L, directions) (4) in addition to peripheral ties spaced evenly 
35. SB i aa in perimeter zone 
whichever is (c) Calculation of tie forces should assume: 
the greater (1) (G,, + Q,) as the sum of average 
characteristic dead and imposed loads in kN/m? 
(2) L, as the lesser of: the greatest distance in 
metres in the direction of the tie, between the 
centres of columns or other vertical 
loadbearing members whether this distance is 
spanned by a single slab or by a system of 
beams and slabs, or 5 x clear storey height, A 
GC kN 2F, or (h/2.5)F, moo (a) Corner columns should be tied in both 
External whichever is - directions 
column the lesser : : (b) Tie connection to masonry may be based on 
where h is a shear strength or friction (but not both) 
D kN/m in metres - (c) Wall ties (where required) should be 
External length of (1) spaced uniformly along the length of the 
wall loadbearing wall, or 
wall (2) concentrated at centres not more than 5m 
apart and not more than 2.5 m from the end of 
the wall 
(d) External column and wall ties may be provided 
partly or wholly by the same reinforcement as 
perimeter and internal ties 


Note: Basic horizontal tie force = F, = 60 KN or (20 + 4 N,) KN, whichever is the lesser of the two values, where N, is the number of 


storeys (including ground and basement) 


At first sight, the table may appear formidable. How- 
ever, on better acquaintance, it proves to be reasonably 
straightforward. 


In clause 37.3, the Code states that horizontal ties should 
be provided at each floor level and at roof level. When the 
roof is of lightweight construction, no ties need be provided 
at that level. Such roofs are defined as ‘roofs comprising 
timber or steel trusses, flat timber roofs, or roofs incorporat- 
ing concrete or steel purlins with asbestos or wood-wool 
decking’. The Code also states that ‘horizontal ties may be 
provided in whole or in part by structural members which 
may already be fully stressed in serving other purposes’. It 
cites the example, mentioned earlier, of reinforcement in 


insitu slabs, and also masonry in tension. If the masonry’s 
tensile strength is used, it must not be perpendicular to the 
bed joints (see Figure 8.21). 


According to the Code, ‘ties should be positioned to resist 
most effectively accidental damage’. Assistance on this topic 
is provided in the final column of Table 13 in the Code. 


Example 2 


Aneight-storey hall of residence with 102.5 mm brick cross- 
walls at 4 m centres, supporting continuous insitu re floor 
slabs, has a lightweight roof. Determine the peripheral, 
internal and external ties required (see Figures 8.22(a) 
and (b)). 
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en er Ee ee 
<— — 


acceptable tensile resistance 


Se 


unacceptable use of tensile 
resistance 


Figure 8.21 Preferred direction for tensile loading 


102.5 mm crosswalls 


eight-storey hall ame 


of residence continuous insitu rc floor 


slabs 


Figure 8.22(a) Plan on Example 2 


external corner column 
(see Figures 8.26 and 8.27) 


see Figure 8.25 


see Figure 8.24(a) 


102.5 mm 
crosswalls 


crosswalls 


see Figure 8.24(b) 
span of continuous rc 
floor slab 


Figure 8.22(b) Plan on corner column of Example 2 


Basic tie force = 60 kN or (20+ 4 x 8) =52 KN. Use 52 KN. 


Ties are required at each floor slab, but not at the roof 
since it is of lightweight construction. (The roof may need 
vertical straps to act as ties to resist wind suction.) 


(a) Peripheral Ties 


F,=52kN/m 
3 

= 52 x 10 =80cani? 
0.87 x 460 


Use one No. 16 mm HY bar/m (see Figure 8.23). 


lap if necessary aa see Figure 8.23(b) 
A 


A 
span of rc 2 


floor slab ee 


= 


_ 


peripheral 
ties 


1 N° 16 mm HY bar 


Figure 8.23(a) Plan on peripheral ties of Example 2 


peripheral tie bar (placed within 1.2 m 
of edge of floor) 


distribution 
reinforcement 


main reinforcement in 
direction of span 


section A-A 
(see Figure 8.23(a)) 


Figure 8.23(b) Section on peripheral ties of Example 2 


In effect, peripheral ties act like a splint running around 
the outer face of the building, tying it together (see Fig- 
ures 8.23(a) and (b)). 


(b) Internal Horizontal Ties (in Direction of Span) 


FG.+Q) | L 


F,=52kN —2 kN/m 
7.5 5 


where 


G,+Q,=sum of average characteristic dead and im- 
posed loads in kN/m? 
=7.5kN/m‘* for domestic buildings 
L, =the lesser of the span (in direction of ties) or five 
times the clear storey height. 


Let h=2.5 m, then L, = the lesser of 4mor5x2.5m=4m 


Therefore 
FG. +Q,) | Ly _ 52x75 4 
75 5 7.5 5 
=41.6kN/m 


Since this is less than F, = 52 kN, use 52 kN/m in design 
of ties, i.e. same as for peripheral ties. The continuity rein- 
forcement would normally be adequate. If it is not, all that 
is necessary is to add extra reinforcement (see Figures 
8.24(a) and (b)). 


(c) Internal Transverse Ties (Ties Parallel to Crosswalls) 
F,=52kN/m 


check that distribution reinforcement is adequate. If not, 
add extra reinforcement (see Figures 8.24(a) and (b)). 
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main continuity therefore 


reinforcement 
1000 
10° 


shear resistance = a x2~x 103 x 
ree : 1.25 
extra tie reinforcement if 
necessary =5SEN/im 


Note that lower down the building, the friction against the 


tie force between the concrete slab and the wall could be 
used, assuming the coefficient of friction = 0.6. 
(e) External Column Tie (see Figure 8.26) 


section B-B 


(see Figure 8.22(b)) Assume for planning reasons the gable and the main side 


wall are stopped short of the external corner, and the sup- 
Figure 8.24(a) Section on continuity ties of Example 2 port is provided by a masonry column: 


(i) the column should be tied in both directions; 
(ii) the tie connection may be based on shear strength or 


distribution friction, but not both. 
reinforcement 


shear force 73.5 10° 


= ————_ = 131 000 mm? 
shear stress 2%X0.35/1.25 


Contact area = 


Provide 360 x 360 mm bearing minimum (see Figure 8.27). 


main reinforcement in Determine F, for the spine wall structure shown in Figure 8.28. 
direction of span 


Assume G, + Q, = 20 kKN/m?, h =3 metres, N,=6. 


section C-C 


(see Figure 8.22(b)) 
external corner column 


Figure 8.24(b) Section on continuity ties of Example 2 


F,= 52 kN 
(d) External Wall Ties 
Tie force=2F, or 35 F,, whichever is the lesser Resultant 
: =F,v2 
h F, = 52 kN =52 2 
Since h = 2.5, 35 F,=52kN/m = 73.5 kN 


Figure 8.26 Resultant tie force for corner columns 
The only practical method of resisting this tie force is in 9 


shear between the slab and the masonry (see Figure 8.25). 


Shear contact area = 2 x 103 x 1000 mm2 external corner column 
Shear resistance = fy x shear area 
YVmv 


™._ contact 


Taking the worst case of no increase due to axial loading, 


f, =0.35 N/mm for brickwork in 1 : 1 : 6 mortar 
Ymy = 1.25 for accidental damage 


shear contact area 
=2x 103 x 1000 mm? 


slab 


— + <«+— 103mm 


section A-A section 


(see Figure 8.22(b)) . ; : 
Figure 8.27 Section on corner column for example in 


Figure 8.25 Shear contact area for tie force Figure 8.28 
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direction of 
| span 


plan 


Figure 8.28 Plan on tie force example 


F,= lesser of 60 kN or [20 + (4 x 6)], i.e. 44 KN. 
L,=lesser of 8mor5x3m,ie. 8m. 
Therefore 


FG, +Q) . Ly _ 44x20. 8 
75 5 75S 


= 187.7kN/m 
Use F,= 187.7 kN/m. 


This example shows that the internal tie force is affected by 
the span and the loading of the floor. 


Option 2 


Under this option (see Table 8.1), neither vertical nor hori- 
zontal elements may be removed, and both horizontal and 
vertical tying are required. If the structure is tied (as pre- 
scribed in the Code) in three directions, as shown diagram- 
matically in Figure 8.29, there should only be limited 
damage due to accidental forces, and the structure should 
have adequate residual stability. 


The vertical tie reinforcement is either placed in insitu con- 
crete pockets in a brick wall, or threaded through cellular 
blocks, and then grouted up (see Figure 8.30). 


Both techniques are clumsy and time-consuming. This, 
together with the fact that the minimum thickness of a solid 
wall, or the loadbearing leaf of a cavity wall, must be at 
least 150 mm thick — thus restricting the use of half brick, 


external wall 


Zz 


| 
A 


= -_ 
ties in direction” 
of span 


102.5 mm, walls — is likely to make this option unattract- 
ive to designers. Its main use is likely to be in buildings 
subject to high blast forces from chemical works and 
the like. When the option is used, the vertical ties form, 
in effect, rc columns which could perform an alternative 
load path carrying capacity. This increases the ability of the 
structure to arch, span and cantilever over damaged areas. 


Clause 37.4 of the Code states that vertical tying is effect- 
ive only when horizontal tying capable of resisting a hori- 
zontal force of F, KN/m width is also present, and that the 
floor is of precast or insitu concrete or other heavy flooring 
units. 


The same clause goes on to state: ‘the wall should be 
contained between concrete surfaces or other similar con- 
struction, excluding timber, capable of providing resistance 
to lateral movement and rotation across the full width of 
the wall’. The ties should extend from the roof down to 
either the foundations or to the level where the wall, by 
virtue of compression due to dead load, may be considered 
to be protected. The ties should be continuous, but should 
be anchored separately and fully at each floor level (see 
Figure 8.31). 


This method reduces the risk of the walls above and below 
the damaged wall being torn out of position due to it being 
blasted out by the accidental force. Table 14 in the Code 
gives the requirements for vertical ties (see Table 8.4). 


The tie force formula is based on the ability of a wall to arch 
vertically (if restrained top and bottom) when subject to a 
lateral load: 


2 
tie force = Kissa = N 
8000 | t 


Example 3 


Determine the area of tying reinforcement in pockets at 5m 
centres (note maximum spacing) in the 150 mm inner load- 
bearing leaf of a cavity wall (note minimum width). The 
clear height of the wall is 3 m. 


vertical wall ties 


¢ peripheral ties 


f 
| 
MA 


direction of span 
of floor slab 


ties perpendicular 
to span 


gable wall 


Figure 8.29 Directions of ties required in a structure 
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Table 8.4 Requirements for vertical ties (BS 5628, Table 14) 


Minimum thickness of a solid wall or one 150 mm 
loadbearing leaf of a cavity wall 

Minimum characteristic compressive 5 N/mm2 
strength of masonry 

Maximum ratio h,/t 20 

Allowable mortar designations (i), (ii), (iii) 

Tie force 34A (h, 

8000 | t 


Positioning of ties 


2 
*) N or 100 kN/m length of wall or per column, whichever is the greater 


5 mcentres, max. along the wall and 2.5 m, max. from an unrestrained end of any wall 


Notes: A= horizontal cross-sectional area in mm? of the column or wall including piers, but excluding the non-loadbearing leaf, if 


any, of an external wall of cavity construction 


h,= clear height of a column or wall between restraining surfaces 


t= the thickness of column or wall 


103 mm 


50 mm 


150 mm 
minimum 
concrete pocket in brick 
wall 


cellula rblock wall 


a 


grouted up 


Figure 8.30 Methods of providing vertical ties in 
masonry walls 


A=150x5 x 1000 = 750 000 mm? 
t=150 mm 


h,=3000 mm 


Vertical tie force = 


2 
347.5105 3x 103 
8 x 10° 1.5 x 102 


=128x104*N 
= 1280 kN 


Minimum tie force = 100 kN/mx5m 
=500 kN 


_ 1280x10° 


A 
. 400 
= 3200 mm? 


Use four No. 32 mm HY bars per pocket. 


8.6.5 General Notes 


(1) The basic tie force F, = 60 KN or (20 + 4N,) kN for build- 
ings of various heights is given in the following table. 


floor slab i [= wall 


——— 


vertical tie 
possible failure sl shaler 
anchored in floor 
planes a ere _ slab 
L accidental force 
Figure 8.31 Separate anchorage for vertical ties 


No.ofstoreysN, 4 5 6 7 8 9 10 10+ 
F, (kN) 0 40 44 48 52 56 60 60 


(2) Detailed design for accidental damage is a familiar con- 
cept to structural designers. 

(3) It is possible that a designer’s first attempt at checking 
and designing for accidental damage may be slow and 
laborious — as indeed, any other first design usually is. 
But experience shows that what, at first sight, appears 
complex is really comparatively simple. 

(4) With experience, designers will tend to build-in robust- 
ness and check for accidental damage using Option (1). 
If the vertical and horizontal elements are not remov- 
able, one at a time, or protected, most designers would 
probably adjust the structural layout, or add vertical 
tying from Option (2). 

(5) In the design of a wide range of structures, particularly 
those with insitu rc floors, the designer will quickly find 
that all he needs to do is to provide some horizontal ties 
and check the unprotected external walls on the upper 
three or possibly four storeys. 


9 Structural Elements and Forms 


Perhaps the most rewarding part of designing in masonry 
is forming the various materials and elements into interest- 
ing, efficient and useful structural forms. In order to sim- 
plify the approach to structural forms, it is probably best 
to first consider the various structural elements that can be 
formed with masonry units, and then to consider the ways 
in which these elements can be put together. 


9.1 Structural Elements 


9.1.1 Single-leaf Walls 


A single-leaf wall may be of any thickness provided the 
masonry units are bonded together (see Figure 9.1). Single- 
leaf walls are mainly used for internal loadbearing walls, 
boundary walls and retaining walls. 


9.1.2 Double-leaf Collar-jointed Walls 


This type of wall is often used internally and externally 
where a double-leaf thickness is required structurally, but a 
stretcher bonded face is required for architectural reasons 
(see Figure 9.2). 


Due to the weakness of the collar joint in wall type 1, it is 
necessary to design the wall in a similar manner to that of a 
cavity wall. However, by the use of metal ties or mesh rein- 
forcement through the joint, the condition can be improved 
toa minimum standard (see type 2 in Figure 9.2), which can 
then be considered as a solid wall. The main improvement 
is the ability of the joint to take vertical shear forces. Special 
care must be taken to see that the wall is constructed as 


as | I | 
| | | 
= [ | 
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Bonded masonry 


Figure 9.1 Single-leaf walls 


maximum 25 mm wide collar joint filled 
with mortar or similar as work proceeds 


minimum leaf thickness 90 mm 


type 1 


Figure 9.2 Double-leaf collar-jointed walls 


specified, since this is critical to the wall’s behaviour under 
load and hidden from view after construction. 


9.1.3 Double-leaf Cavity Walls 


Double-leaf cavity walls are mainly used for external walls, 
the cavity being incorporated to prevent damp penetration, 
and the two leaves are tied together with metal ties (see 
Figure 9.3). 


Normal ties are considered capable of transferring some 
horizontal forces across the cavity from one leaf to the other, 
but not capable of transferring any significant vertical shear 
forces across the cavity. The wall is, therefore, designed as 
two separate leaves, each leaf carrying the vertical loads 
applied directly to it, the only assistance provided by the 
opposite leaf being increased resistance to buckling and 
the ability to transfer horizontal loads such as wind across 
the cavity. 


Specially designed cavity walls can be assumed to transfer 
vertical shear forces, but only when wall ties specifically 
designed to transfer them without significant distortions 
are incorporated at suitable centres for the loading condi- 
tions involved. 


The cavities of double-leaf walls are sometimes filled 
with non-loadbearing material such as insulation quilt to 
improve the overall thermal insulation qualities of the wall. 


9.1.4 Double-leaf Grouted Cavity Walls 


A grouted cavity wall can be designed as a solid wall, 
provided that the leaves are spaced a minimum of 50 mm 
apart, suitably tied with metal wall ties, and grouted with 
concrete of a strength at least equivalent to that of the 
mortar (see Figure 9.4). This form of construction is often 
used in similar conditions to the double-leaf collar-jointed 
wall and designed in a similar manner (see section 9.1.2). 


Grouted cavity walls may also be reinforced (see Figure 9.5). 
The addition of the reinforcement assists the wall in coun- 
teracting tensile forces, and is particularly useful when 


flat metal ties at 450 c/c vertical and 
horizontal with minimum embedment 
into each leaf 50 mm (or equivalent 
mesh) 


type 2 
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Wall ties spaced in accordance 
with table 6 BS 5628 


Brick or block leaves minimum 
thickness of 75 mm each 


Figure 9.3. Double-leaf cavity wall 


minimum cavity 50 mm 


maximum 100 mm —| [<— 


wall ties 


concrete grout 
masonry leaves 


Figure 9.4 Double-leaf grouted cavity wall 


minimum cavity 50 mm 
= 


wall ties 


concrete grout 
masonry leaves 


reinforcement 


Figure 9.5 Reinforced grouted cavity wall 


lateral loads are to be resisted. It should be noted that filling 
the cavity with grout has a detrimental effect on the wall’s 
ability to resist damp penetration. 


9.1.5 Faced Walls 


Faced walls consist of two different masonry units, bonded 
together in a manner which provides a particular facing 
to the wall. They are used where a solid wall is necessary, 
but where the facing material has to have properties not 
required for the backing. A typical example is indicated in 
Figure 9.6, where a 327 mm faced wall provides a special 
facing brick on one side but incorporates a more econom- 
ical inner unit to which plaster may be applied. Attention 
must be given, when selecting different units which are to 
be bonded together, to see that the shrinkage, thermal and 
other movements of the units are compatible. The design 
procedure for a faced wall is similar to that of any other 
solid wall, but it is generally assumed that the full thickness 
of the wall is constructed in the weaker unit. 


facing material bonded to 
WLLL result in common action 
under load 


plaster —” 


NNNSNS 


loadbearing Li 
masonry 


N 


Figure 9.6 Faced wall 
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Figure 9.7. Veneered walls 


9.1.6 Veneered Walls 


Veneered walls have a facing which is attached to the 
backing, but not bonded to it in such a way as to induce 
composite action under load (see Figure 9.7). 


This type of wall is often used where an expensive facing 
is required and/or the structural qualities of the veneer are 
of little assistance to the loadbearing capacity of the wall. 
In other cases, veneered walls are used when the facing 
veneer is likely to need replacement within the life of the 
structure. 


The design of a veneered wall must take account of the 
dead weight of the veneer. However, the structural effect 
of the veneer should be neglected. As in the case of faced 
walls, the possibility of differential vertical movements 
from shrinkage, thermal and other effects must be consid- 
ered to make sure that loosening of the ties and/or buck- 
ling of the veneer, etc., will not occur. 


9.1.7 Walls with Improved Section Modulus 


Previous chapters have already discussed the problems 
relating to masonry walls which have to resist large bend- 
ing moments at positions of low gravitational loads. As 
mentioned earlier, the greatest problem relates to the ten- 
sile stresses. 


Consider the calculation involved in determining these 
stresses: 


Maximum tension stress = (see Chapter 3) 


where 


W = vertical load 

A =cross-sectional area 
M=applied bending moment 
Z = section modulus. 


To improve these stress conditions without changing the 
mass of the wall, it is necessary to improve the section mod- 
ulus, Z, without changing the area, A. This can be achieved 
by a redistribution of the material to locate the majority of it 
at a greater distance from the neutral axis of the section. 


For example, consider the two sections 1 and 2 shown in 
Figure 9.8. 


The areas of both sections are equal, i.e. 


section 1 area=2x2=4 
section 2 area = (2 x 2.5)-(1x 1) =4 


But the Z value of section 2 is greater than that of section 1, 
ie. 
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Figure 9.8 Using hollow section to create greater 
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Figure 9.9 Chevron or zig-zag wall 


2 
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This method of improving the section modulus of the wall, 
when large bending moments are to be resisted, is the main 
advantage achieved with the wall sections which follow. 


Chevron or Zig-zag Walls 


The chevron or zig-zag wall (Figure 9.9) is particularly use- 
ful for free-standing walls and other walls required to resist 
large bending moments. It achieves its extra stiffness and 
higher Z/A ratio from the changes in direction on plan, and 
the shape of the wall also results in a very pleasing appear- 
ance which has been very successfully used for the external 
walls of churches, boundary walls, etc. 


Diaphragm Walls 


The diaphragm wall (Figure 9.10) is basically a wide cavity 
wall with cross ribs bonded or specially tied to the leaves 
of masonry to provide suitable vertical shear resistance at 
the junctions. This type of wall is particularly suitable for 
tall single-storey buildings enclosing large open areas. The 
width between the leaves is increased to suit the particular 
design condition, and large Z/A ratios can be achieved 
making economical use of the masonry. Diaphragm walls 
have been successfully used on sports and drama halls, 
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Figure 9.10 Diaphragm wall 
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Figure 9.12 Piered wall 


factories, etc., and a typical dimension for such use would 
be in the region of 550-1100 mm overall width. 


Mass Filled Diaphragms 


The diaphragm wall can also be used for retaining walls 
and is sometimes mass filled (see Figure 9.11). This form of 
diaphragm is constructed in lifts, and filled with rubble or 
other material to provide mass for stability. In some cases 
the rubble is grouted to form a monolithic mass. For this 
type of construction, the ribs should always be properly 
bonded. 


Piered Walls 


A piered wall is a wall stiffened by piers bonded into the 
wall, at regular centres (see Figure 9.12). 


The use of piers is mainly suited to local stiffening of load- 
bearing walls at high concentrated load locations, and in 
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the external walls of single-storey buildings in the range 
of 3-5 m height which are required to resist some lateral 
loading. The piers have the effect of increasing the effective 
thickness of the wall, thus reducing the slenderness ratio 
and enabling it to carry higher compressive loading. The 
most complicated form of design tends to be that of a piered 
cavity wall with combined lateral and vertical loading, 
where the piers are bonded to the inner or outer leaf and 
the two leaves tied in the normal manner using standard 
wall ties. 


The design considers the pier and a portion of the leaf 
bonded to it as a T section and the opposite leaf as a second 
member tied to it. It is considered that the ties across 
the cavity are capable of transmitting some horizontal 
forces but are unable to transmit vertical shear. Due to the 
unsymmetrical geometry of the section, the pier has greater 
moment of resistance in one direction than in the other, and 
for bending moments which can occur in either direction 
the shape is not ideal. 


In cases where the forces involved would demand large 
piers, the fin wall, diaphragm wall and/or post-tensioned 
wall should be considered. 


Fin Walls 


A fin wall is basically a piered wall in which the pier 
has been extended to more slender proportions and has 
taken on the major role in resisting lateral load. The fin is 
the main structural element and is designed as a T section 
bonded into the intersecting leaf of masonry. The boundary 
between piers and fins is a rather grey area, but this should 
not be allowed to confuse the designer since the structural 
behaviour and design considerations at this boundary are 
basically the same. Like the diaphragm, the fin wall profile 
results in a large Z/A ratio, achieving economical use of 
the masonry in resisting bending moments. Due to the 
unsymmetrical geometry of the section, the fin has a greater 
moment of resistance in one direction than in the other and, 
while this is sometimes a slight disadvantage, its attractive 
form often compensates in its selection for a project. Fin 
wall construction has been successfully used for retaining 
walls, sports and drama halls, factories and multi-storey 
buildings (Figure 9.13). 
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Figure 9.14 Reinforced walls 
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Figure 9.13 Fin wall 


9.1.8 Reinforced Walls 


Reinforced walls have developed from the need for masonry 
walls to resist tensile stresses in excess of the normal per- 
missible tensile stresses for masonry acting alone. 


Walls are often constructed with reinforcement contained 
in the cavity, although sometimes the reinforcement is 
located in vertical ducts or holes through the masonry (see 
Figure 9.14). The void around the reinforcement is either 
completely grouted up or completely filled with mortar, 
as the work proceeds, in order to provide a suitable bond 
between the reinforcement and surrounding masonry. The 
reinforcement is located in the most suitable position to 
resist the applied moment or tensile force, i.e. in the tension 
face of the wall. The design of the wall is similar to that of 
reinforced concrete, using the masonry in the compression 
zone to resist the compressive stresses, and the reinforce- 
ment in the tensile zone to resist the tensile stresses. 


Reinforced walls are mainly used for retaining walls where 
large lateral loads are to be resisted, but they can also be 
used in any location where the gravitational loads are small 
compared with the lateral or uplift forces involved. Care 
should be taken when using reinforced walls to see that 
suitable and adequate protection against corrosion is pro- 
vided by quality of the masonry and mortar and the cover 
to the reinforcement. 


In order to improve the effectiveness of reinforced walls 
resisting large bending moments, consideration should 
be given to shapes other than single- or double-leaf walls, 
for example, the lever arm of the reinforcement can be 
improved by using fins, diaphragms or piered sections. 
One method is to construct a pier or fin with a central void, 
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Figure 9.15 Reinforced and post-tensioned pier 


to reinforce this void, and then to grout up the reinforce- 
ment. Alternatively, a post-tensioned rod could be used 
within the void (see Figure 9.15). These solutions have the 
effect of reducing the required size of the pier or fin and 
increasing the height to which such walls can be used. 


Working details should always be as simple as possible, 
keeping the number of trades and the sequence of opera- 
tions to a minimum. Grouting can be carried out in short 
lifts, using a liquid grout. Air vents and weep holes must be 
provided to allow the air to escape during grouting (but not 
the grout itself, since this would stain the face of the wall) 
and to keep a check that the grout has reached the various 
levels within the void. 


9.1.9 Post-tensioned Walls 


Inducing precompression is yet another way of making 
large improvements in a masonry wall’s ability to resist 
lateral or uplift loads. 


The aim of post-tensioning is to induce compressive stresses 
into the brickwork prior to the application of lateral or uplift 
forces. The induced compressive stresses must, therefore, 
be cancelled out by the loading condition before any tensile 
stress can be developed in the masonry. Thus it is possible to 
calculate the precompression needed to prevent any tensile 


stress developing, and to induce this compression by post 
tensioning high tensile steel rods which apply their reaction 
forces onto the panel being considered. The tension is 
applied to a threaded steel rod by tightening a nut against a 
cap plate which, in turn, induces compression in the wall. 
The steel rod is generally anchored into the foundation. 


Having established the precompression required, it is then 
possible to determine the tensile force which must be devel- 
oped within the post-tensioning rod, the rod diameter re- 
quired, the torque needing to be applied and the maximum 
compressive stress induced in the brickwork. A check should 
be made to ensure that the rod is suitably anchored and that 
the reaction is adequately catered for (see Figure 9.16). 


Post-tensioned walls are often used for spandrel panels below 
long window openings, retaining walls, tall diaphragm and 
fin walls, and for other conditions where the gravitational 
forces involved are small compared with the uplift or lat- 
eral forces needed to be resisted. 


It is important, when using post-tensioning rods, to see 
that suitable and adequate protection is given to all the steel 
components in order that corrosion does not occur within 
the required design life of the building. It is also important 
to ensure that the required torque is suitably noted on any 
working drawings and details of the wall, and that ade- 
quate instructions are given to the contractor. To prevent 
the possibility of the torque (and thus the prestress) reduc- 
ing, a locking device should be provided by the use of a lock 
nut or by grouting up solid the nut’s seating plate. 


9.1.10 Columns 


Basically a column is a very short length of wall, and 
is defined as an isolated vertical loadbearing member 
whose width is not more than four times its thickness (see 
Figure 9.17). Strictly, this would only apply to rectangular 
columns, but many other shapes can obviously be utilised 
provided that adequate bonding of the masonry can be 
achieved. 


Columns are generally used where large, open, uncom- 
partmented areas are required, and the shapes are often 
determined by economic, aesthetic or other physical 
requirements. For example, the four types of column 
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Figure 9.16 Post-tensioned walls 
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Figure 9.17. Plan on column 
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Figure 9.18 Typical column sections 


in Figure 9.18, could be used for either aesthetic appeal, 
structural suitability or accommodation of ducts, flues, etc., 
depending on the various design considerations. 


The design of columns is dealt with in Chapters 10 and 11 
and involves the determination of the slenderness ratio, the 
reduction factors of area, and the consideration of shear 
and other stresses. 


Columns, like walls, can be built with cavities, can be solid 
masonry, double-leaf collar-jointed, grouted cavity, faced, 
veneered, post-tensioned or reinforced. The design con- 
siderations for columns are similar to those for walls, as 
outlined earlier, with additional problems involving the 
determination of the effective thickness and consideration 
of the small cross-sectional area. 


Since the cross-sectional area of a column is small, the prob- 
ability of a given proportion of the masonry having a lower 
than average strength is greater than would be the case for a 
member of large cross-sectional area. This, of course, also 
applies to conventional walls of small cross-sectional area. 
Here, again, it is necessary to introduce a reduction factor 
related to the small area. 


9.1.11 Arches 


The arch is one of the most efficient methods of forming 
a support with materials which have good compressive 
resistance and low tensile resistance, because its configura- 
tions can produce an equilibrium condition made up of 
compression forces (see Figure 9.19). 


It is one of the most visually attractive structural forms. 
However, although vast numbers were built during the 
industrial revolution, arches are, unfortunately, rarely used 
to-day. Corresponding with the decline in their use has 
been a decline in the number of craftsmen experienced in 
this form of construction. For that reason, it seems unlikely 
that a speedy revival in arch construction will take place — 
despite the fact that for certain structures the arch offers the 
best solution. 
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Figure 9.19 Arch 
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Figure 9.21 Inverted brick arch foundation 


An interesting past use is to be found in the brick arch floors 
of many nineteenth century dock warehouses. The arches 
were topped off with a weak concrete or other levelling 
material, and were sometimes constructed above a cast iron 
framework (see Figure 9.20). 


The extra weight on the frame and foundations when com- 
pared with more modern forms of construction, has ren- 
dered this type of flooring uneconomical. Contemporary 
design techniques could, of course, reduce both the weight 
and the economic disadvantages. 


Another past use of interest was in foundations constructed 
with inverted arches, the loads from columns or walls being 
dispersed via the arch from a point or knife-edge load onto 
a more uniform loading on the sub strata (see Figure 9.21). 


Although, as noted earlier, it seems unlikely that we shall 
see a speedy and widespread revival in arch construction, 
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it should certainly not be written off. Conditions have 
changed greatly since it went out of fashion, and the 
application of modern techniques of design and construc- 
tion could well bring this attractive and efficient structural 
form back into rather more common use. 


9.1.12 Circular and Elliptical Tube 
Construction 


The arch and the inverted arch can be combined to form 
a completely circular or elliptical cross-section that is 
particularly useful for the construction of shafts, tunnels 
chimneys, etc. In the case of shafts and tunnels, the critical 
loading conditions tend to be those of external pressures 
acting through lines which radiate from the centre (see 
Figure 9.22), and which can be resolved into a compression 
ring of forces ideally suited to masonry construction. 


In addition to this property, the tubular shape has good 
resistance to longitudinal bending moments, and this is 
exploited in chimney construction. 


9.1.13 Composite Construction 


As mentioned previously, other materials can be combined 
with masonry to give greater resistance to bending moments, 
etc. This has often been done unintentionally. For example, 
reinforced concrete beams are frequently designed to carry 
large panels of masonry and, in reality, the assumed com- 
pressive stresses calculated as existing in the concrete do 
not in fact occur, because the masonry above the beam 
resists the bending compression forces (see Figure 9.23). 
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Figure 9.23. Composite construction 
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Figure 9.24 Typical sections through reinforced 
masonry beams 


simplified for clarity. However, it should be noted that 
existing knowledge on composite action is insufficient 
for full exploitation and, for that reason, designs stresses 
tend to be lower than in more conventional designs. It 
is also essential to take into account the vertical stresses 
occurring in the wall, since these have an effect upon the 
bending resistance of the composite panel. Thus the design 
procedure involves calculating the vertical stress, prior to 
determining the permissible bending stresses. In addition, 
openings through the wall will reduce the composite action. 
Nevertheless, quite large openings can be accommodated 
without destroying the advantages of this action, and the 
reduced effect can be taken into account in the design. 


It is also necessary to design the reinforced concrete beam to 
support a height of ‘wet’ uncured masonry for the tempor- 
ary condition during construction. The lift of wet masonry 
is also determined from the anticipated height of masonry 
likely to require support prior to the mortar having achieved 
sufficient strength to act compositely with the beam. 


9.1.14 Horizontally Reinforced Masonry 


As mentioned in section 9.14, when combined with rein- 
forcement, masonry can be made to resist much greater 
bending moments. Hence, reinforced masonry can be used 
for beams and slabs to span and cantilever over quite large 
openings. The reinforcement is located in holes in specially 
manufactured units, or in the perpendicular joints of the 
masonry (see Figure 9.24). 


The design of reinforced masonry is similar in basic prin- 
ciples to the design of reinforced concrete, the reinforce- 
ment being located in the tensile face of the combined section. 
The design procedure is dealt with in detail in Chapter 15. 
Special attention is needed when using reinforced masonry 
in external or exposed conditions to ensure that adequate 
protection is provided to the reinforcement. 


9.2 Structural Forms 


9.2.1 Chimneys 


During the industrial revolution, the need to remove smoke 
and other gases to a high level in the atmosphere, to prevent 
excessive local pollution, brought masonry chimneys onto 
the industrial scene. The engineers found that the problems 
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Figure 9.25 Chimneys 


caused by wind loading and temperature stresses had 
taken on new proportions. 


Like other chimneys, masonry chimneys are designed as 
cantilevers resisting horizontal wind loading, and require 
checking for increased stress conditions caused by the tem- 
perature gradient. The effect of wind around chimneys and 
related oscillation has become better understood — though 
still not fully — because of the experience gained from this 
period in engineering history. 
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The chimney is generally tapered to give increased resist- 
ance to bending, as the applied bending itself increases. 
Consideration must be given to the possibility of sulphate 
attack, particularly at and near the top of the chimney, and 
suitable masonry and mortar must be chosen and specified 
for the expected condition. At low level, allowance must 
be made for flue openings, etc., and local stiffening is often 
necessary in this location to facilitate the rapid increase in 
stresses due to the reduced section at the point of maximum 
bending (see Figure 9.25). 


The use of reinforcement can greatly improve the resistance 
of the masonry to the applied bending moments, and/or 
reduce the amount of masonry needed. 


Reinforced masonry can also be valuable in extending the 
height of existing chimneys. This can be done by adding 
an extra outer skin of masonry leaving a reinforced cavity 
between the old and the new wall and extending the height 
of the structure, as in Figure 9.26. 


Chimneys are not necessarily restricted to a circular 
or square cross-section. Clover-leaf, elliptical, hexagonal, 
triangular and many other cross-sections can be used to 
accommodate varying numbers of flues and to give a pleas- 
ant appearance (see Figure 9.27). 
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Figure 9.26 Chimney extension 


Figure 9.27 Chimney cross-sections 
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Figure 9.28 Crosswall construction 


Particular care must be taken when using complicated shapes 
to see that temperature stresses do not become excessive. 


9.2.2 Crosswall Construction 


In most buildings, the wall layouts are mainly dictated by 
functional requirements. Often, however, with a little more 
consideration of the structural implications, a plan can be 
developed to suit both the functional and the structural 
requirements. For example, a multi-storey hostel block con- 
taining numerous bedsitters with only a few basic layouts 
can frequently be planned to have the same types one 
above the other, and all the room-dividing walls can then 
line through from the bottom to the top of the building (see 
Figure 9.28). 


The dividing walls can thus be used for the structure of the 
buildings, supporting the floor and roof slabs, and resisting 
lateral wind loads from the main elevations. The corridor 
walls then support the corridor floors and resist the wind 
loads acting on the gable ends. The resulting structure 
forms a very stiff construction, and the stairs and lift shafts 
add even greater stiffness for resisting wind loads, the slabs 
being designed as plates to transfer the lateral loads to the 
main crosswalls in the rooms and staircase areas. An exam- 
ple of the economical cross-section of such walls is a nine- 
storey hostel constructed using only 102 mm thick brick 
walls for the full height — the stresses in the main crosswalls 
being within normal acceptable limits without the need for 
any other structural framework. In designing crosswall 
buildings it is necessary to ensure that the wall thickness 
required for sound and fire resistance are incorporated, since 
often, in staircase areas, etc., these requirements demand 
thicker walls than do the structural considerations. 


The speed of construction of such buildings is very impres- 
sive, particularly if the plan form and size of the building 
allows it to be constructed in quarters, using the ‘spiral’ 
method whereby the trades can follow each other around 
the building from one quarter to the next completing their 
section of the work (see Figure 9.29). 


From the stage indicated in the figure, the bricklayers 
on completion of Bay 4 would move up to the next floor and 
start work in Bay 1. The other trades, i.e. shutterers, steel 
fixers and concretors would all move on one bay — the con- 
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Figure 9.29 Spiral methods of construction 


struction continuing to ‘spiral’ up the building keeping all 
trades constantly employed. 


In addition to the normal consideration of wind, superim- 
posed and dead loading, many multi-storey buildings must 
also be designed to prevent progressive collapse due to 
accidental damage, and to take account of the possible 
differential movements of the inner and outer leaves of the 
external cavity walls. These conditions demand extra con- 
sideration from the designer, particularly in the detailing 
and design of floor slabs and the use of alternative support. 
For example, in order to overcome the critical effects of the 
vertical differential movement on the outside walls, it is 
necessary to support the outer leaf of brickwork at intervals 
of height up the building (see Figure 9.30), and to incorporate 
special details which allow the movement to take place 
without detrimental effects to the building. 


The requirements to be satisfied with regard to both pro- 
gressive collapse and differential vertical movement are 
dealt with in more detail in Chapter 8 and Appendix 3. Some 
buildings require larger room sizes than those needed for 
hostel accommodation and larger areas of natural light. An 
example of this is school classrooms (see Figure 9.31). 


With some thought in planning, a floor plan that repeats on 
all floors can often be achieved, and the main crosswalls 
can be used as loadbearing elements. It is important in this 
form of construction to see that a sufficient length of walls 
at right angles to the main crosswalls is provided to resist 
wind loading normal to the gables. The floors again span 
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Figure 9.30 Accommodating differential construction 
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between the main crosswalls, transferring lateral loading to 
the wind walls, and vertical and lateral loads to the cross- 
walls. They provide the necessary restraint to the walls at 
each floor level. As in the previous example, the normal 
room-dividing walls provide the main structure and elimin- 
ate the need for a separate structural frame. 


9.2.3 Cellular Construction 


Another suitable form for multi-storey buildings with 
small rooms is cellular construction. Generally, this has 
been used for domestic buildings but it is also suitable 
for small office accommodation, etc. The rooms in this case 
form a number of cells, and again the aim is to use all the 
separating walls for the main structure and to line up the 
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walls from the bottom to the top of the building (see Fig- 
ure 9.32). 


In the majority of cases all the walls are loadbearing with 
the exception of toilet partitions and other minor room- 
dividing walls. In all other aspects the wall in cellular con- 
struction is similar to the crosswall, except that it is easier 
to achieve similar stiffness in all wind directions because of 
the cellular arrangement. 


9.2.4 Column and Plate Floor Construction 


For buildings requiring large open areas, widely spaced 
columns can be used in a column and plate construction. 
In this case (see Figure 9.33), the columns are designed 
to carry the vertical loads and, if sufficient walls can be 
located to resist the wind forces, such as those around stair 
and lift enclosures, gable walls, etc., the floors can be used 
as plates which span horizontally, transferring the wind 
forces from the external cladding to the walls. 


Some buildings are of such a layout that the crosswalls 
required to resist wind cannot be accommodated. In these 
cases the columns can be T, cruciform or channel shapes 
designed to resist the horizontal reactions from the wind — 
each individual column resisting its own local area wind 
reactions (see Figure 9.34). 


Columns can also be reinforced or post-tensioned in order 
to accommodate large bending moments in a neater, 
smaller and more economical section. 
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Figure 9.32 Cellular construction 
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Figure 9.33. Column andslab braced structure 
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Figure 9.34 Column and slab unbraced structure 


9.2.5 Combined Forms of Construction 
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In many buildings the required layout demands both large gable 


open areas and smaller enclosed rooms, and combinations 
of the forms already mentioned can be used (see Figure 9.35). 


The example shown indicates a successful combination of 
column and plate and crosswall construction. Many varia- 
tions can be made, always provided that sufficient masonry 
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is accommodated to deal with the loading conditions. The — Figure 9.35 Horizontal combined forms 
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Figure 9.36 Vertical combined forms (podium 
construction) 


crosswall 
construction above 
1st floor level 


column and plate or 
column and beam 
up to 1st floor 


structural forms shown in Figure 9.35, are combined on 
each floor. However, different forms can be successfully 
combined in a vertical condition as, for example, the 
podium construction shown in Figure 9.36. 


For this condition to be successfully achieved, however, 
detailed planning is necessary to obtain the most econom- 
ical solution, particularly with regard to the locations of 
the loadbearing walls and columns. The construction is 
basically a concrete or steel frame up to first floor level 
and loadbearing masonry above. This construction ties in 
nicely with the greater flexibility of use often demanded at 
ground floor level. 


9.2.6 Diaphragm Wall and Plate Roof 
Construction 


Diaphragm wall and plate roof construction is mainly 
suitable for tall single-storey buildings enclosing large 
open areas such as sports halls, gymnasia, swimming pools 
and industrial buildings. Buildings can be constructed 
using diaphragm external walls, as outlined in section 9.1.7, 
and the roof forms a horizontal plate, which is used to 
prop the walls against lateral loading (see Figure 9.37). In 
order to transfer the reactions from the wall into the roof 
diaphragm, a capping beam is often provided which can 
be used as the seating for fixing the roof beams, to resist 
the uplift forces and, if necessary, as a boom member of the 
roof girder. 


roof plate spans between 
lateral walls to prop diaphragm 
for critical condition 


wind 
thicker ribs if large loading 
necessary opening diagram 


Figure 9.37 Diaphragm and plate roof construction 


In Figure 9.37, for the wind direction shown, the roof plate 
spans from gable to gable and transfers the forces, via the 
ring beam and roof plate, into the gable wall where the wall 
stiffness for that direction is greatest. For a wind loading 
condition on the gable, the plate would span between the 
main elevations and transfer the loads via the ring beam 
into the main elevation walls. In many cases, the roof deck- 
ing material is suitable for use as a plate. However, in situ- 
ations where this is not so, a horizontally braced girder, or 
similar, can be used incorporating the ring beam as a boom 
member to transfer the propping force to the transverse 
walls of the building. For more detailed information see 
Chapter 13. 


9.2.7 Fin Wall and Plate Roof 
Construction 


Fin wall and plate roof construction is an alternative to the 
diaphragm and plate roof. The form is again mainly used 
on tall single-storey buildings and the main difference is in 
the type of external wall construction (see Figure 9.38). 


The basic design is similar to that of the diaphragm, and 
plate and is dealt with in more detail in Chapter 13. Again, 
the walls are designed as propped cantilevers and use is 
made of the roof deck as a plate for propping the tops of the 
walls. However, in this situation, bracing is usually needed 
in the roof to achieve adequate plate action. 


9.2.8 Miscellaneous Wall and Plate Roof 
Construction 


Possible variations of the outside wall configuration for 
the building types mentioned in sections 9.2.6 and 9.2.7 
are numerous, and the main aim should be to achieve a 
high Z/A ratio and to take maximum advantage of the 
gravitational forces involved, thus giving a wide scope for 
imaginative shapes and configurations using the masonry 
suitably dispersed around the neutral axis of the section 
(see Figure 9.39). 


9.2.9 Spine Wall Construction 


Spine walls are suitable for more flexible open-plan 
arrangements where a number of main walls, such as 


assumed prop 


: roof plate 
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note: loading and bending moment diagram and 
plate action similar to diaphragms, see Figure 9.37 


| 


plan 


Figure 9.38 Fin wall and roof plate construction 
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Figure 9.39 Miscellaneous wall construction 
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Figure 9.40 Spine wall construction 


corridor walls, stair walls, lift shafts, toilets and services, 
can be ina fixed location as, for example, in office buildings 
(see Figure 9.40). 


Spine walls, together with the external face walls, are used 
as the main loadbearing walls supporting the floor loads 
and should line up vertically through the building. It is also 
most important to provide sufficient wind walls at right 
angles, as in stair and lift areas (see Figure 9.40), in order to 
be able to resist the wind loading on all elevations. The 
principal advantage of this form of construction is the 
added flexibility of room arrangements, since all dividing 
partitions can be of a temporary nature and supported on 
the main floors. Floors are again used as the horizontal 
plate members distributing the wind reactions from the 
external elevations to the nearest structural wall normal to 
the wind direction. 


corridor walls 


external wall —” 


cross-section 


9.2.10 Arch and Buttressed Construction 


In the past, the beautiful form of arch and buttress con- 
struction has been adopted for many structures, for ex- 
ample, bridges, industrial buildings, warehouses, churches, 
etc. (see Figure 9.41). The aim is to keep all forces in the 
masonry in compression. 


The thrust from the arch ring is transferred to the founda- 
tions by the propping action of the buttress, and the shape 
and size of both the arch and the buttress are proportioned 
to produce equilibrium within the form, using compressive 
forces only. 


Buttressed arches are still as attractive and useful as 
ever, and it is a pity that many designers do not consider 
them, especially when designing churches. The possible 
combination of the arch and buttress with diaphragm, fin, 
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Figure 9.41 Arch and buttress construction 
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Figure 9.42 Compression tube examples 


reinforced and post-tensioned walls opens up for the 
designer a wonderful opportunity to make masonry church 
buildings a most attractive development using modern 
forms of construction. 


The use of this form is, however, not only suited to 
churches. In the years to come, it is likely that a better 
understanding of the structural behaviour of the arch and 
buttress, along with further developments, will produce 
structures of more economical proportions, making better 
use of masonry, and possibly combining them with other 
materials to produce buildings which will compete with 
those of the past for their visual effect and low maintenance 
costs. 


9.2.11 Compression Tube Construction 


Many structures, particularly those to be constructed 
underground, have to resist external pressures which 
might crush them. Because of masonry’s good resistance to 
compressive forces, such structures can be designed in 
a similar manner to the arch and buttress, keeping all 
the forces in compression, thereby avoiding or limiting 
undesirable tensile or bending stresses. The use of circular 
or elliptical tube forms can give the desired result (see 
Figure 9.42). This type of construction is often used for 
tunnels, shafts, sewers, etc. 


In the case of the vertical shaft, the design pressures are in 
balance and the forces resolve into a circular compression 
ring. The shaft is constructed in sections, working from the 


egg-shaped sewer 


lift 1 


lift 2 temporary 
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Figure 9.43 Vertical shaft construction 


top and progressing in short lifts as the shaft is excavated 
(see Figure 9.43). 


In the case of sewers, the theoretical forces are not often 
equal on all sides, and some bending could occur ina circu- 
lar form. Variations on the shape of the cross-section will 
reduce or increase these bending moments, and the aim 
should be to produce a shape suitable for the use and keep- 
ing the masonry thickness to a minimum - the ideal shape 
being that which produces only direct compressive forces. 


This chapter has outlined some of the elements and forms 
in structural masonry that are possible, practical and eco- 
nomically advantageous. The design and application of the 
more common elements and forms are dealt with in detail 
in the chapters which follow. Doubtless, there are many 
other possibilities. Certainly, there is room for experienced 
and imaginative designers to develop their own solutions 
and to break fresh ground. 


10 Design of Masonry Elements (1): 


Vertically Loaded 


The basis of design of plain masonry has been examined in 
Chapters 3-6. In this and the following chapter, the recom- 
mendations of BS 5628 will be applied to specific design 
problems. 


10.1 Principle of Design 


The principle of the design is to satisfy the equation 


Bi, 2n,, (see section 5.11 and BS 5628, clause 32.2.1) 
Ym 
in which, for walls, a unit length (linear metre) of wall is 
considered. 


The required wall thickness or column size or, when applic- 
able, the correct choice of geometric profile for a particular 
element will, initially, as with any other structural material, 
be unfamiliar and the guidance which follows should be 
of some help to the inexperienced designer. As in most 
structural design, the approach is based on trial and error. 
Experience and familiarity with the materials and compon- 
ents available will lead to more accurate initial assessments. 


10.2 Estimation of Element Size Required 


In general, the mechanism of failure of a wall or column is 
that of buckling under vertical loading imposed from walls 
and floors over. Buckling is directly proportional to the 
stiffness of an element, and the stiffness can be expressed 
as I/L, where I is the second moment of area of the element 
and Lis the effective length of the element. 


For a given effective length, the second moment of area, I, 
of an element would need to be increased as the loading 
was increased to contain the buckling tendency to the same 
degree of safety. For solid walls, this is done by simply 
increasingly the wall thickness and thus the I value. Con- 
versely, for a given loading, the second moment of area, I, 
of the element would again need to be increased as the 
effective length was increased. 


The capacities of various solid wall thicknesses to carry 
loads over differing effective lengths can only become fam- 
iliar to the designer with time and application of the design 
process. The expression used to measure the tendency of 
the element to buckle is ‘slenderness ratio’ and is written as 
hg¢/ tog Where h,, is the effective height (or length) of the ele- 
ment and t,,is its effective thickness. An element witha high 
slenderness ratio has very little capacity to carry loading due 
to the tendency to buckle at relatively low stress, whereas 
an element with a low slenderness ratio has more reserve to 
carry loading because of its lower tendency to buckle. 


However, the designer should not limit his thoughts to 
simply increasing the wall thickness to provide a greater 
second moment of area. There are often economies to be 
achieved by using the material in another geometric pro- 
file, in exactly the same way as concrete or steel I, T or 
box beams were developed. The case for such a choice of 
element would generally be more applicable to a heavily 
loaded element of large effective length where the direct 
stresses and the buckling tendency are extremely high. 
By the same logic, rectangular rather than square column 
sections would be a more sensible choice where lateral 
restraint, capable of preventing buckling of the column, is 
provided at mid-height and to the minor axis of the element 
(see Figure 10.1). 


The designer should be encouraged to think more in terms 
of the radius of gyration and second moment of area prop- 
erties of an element, rather than ‘effective thickness’, as this 
will lead to inventiveness and ingenuity in overcoming the 
more difficult problems. 


10.3 Sequence of Design 


It should now be evident that the design sequence can be 
written as a four-stage operation: 


Stage 1: Calculate the characteristic load and design load. 
Stage 2: Estimate wall thickness (or column size or geo- 
metric profile). 

Stage 3: Calculate the design strength required for the 
wall (or element) to support the design load as calculated 
in stage 1. 

Stage 4: Amend wall thickness or geometric profile if neces- 
sary and determine the required brick and mortar strengths. 


Stage 2 of the design sequence has been dealt with in 
section 10.2 and stages 1,3 and 4 will be considered, in prac- 
tical terms, by examining design examples. 


10.4 Design of Solid Walls 


As the second moment of area of a solid wall is directly 
proportional to its thickness, the effective thickness (which 
for solid walls is the actual thickness) will be used in the 
calculations which follow. 


Example 1 


Design the internal brick wall in the ground-floor storey 
of the building shown in Figure 10.2. The wall is plastered 
both sides and forms part of a large building project where 
extensive testing of materials and strict site supervision will 
be implemented. 
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The loading may be assumed as: 


roof =4.00kN/m?2 
floors = 5.00 kN/m?2 


characteristic dead loads 


roof =1.50kN/m?2 
floors = 3.00 kN/m? 


characteristic superimposed loads 


density of brickwork for own weight = 18.00 kN/m? 


The secondary effects of wind stresses due to the possibility 
of the element concerned acting as a shear wall to provide 
overall stability should be ignored for the purposes of this 
design example, but will be investigated in Chapter 11. 


Stage 1: Calculate Design Load on Wall, n,, 


The design load is obtained from the characteristic loads 
which are increased by the appropriate partial safety factor 
y; to allow for the type of loading and load combination 
being considered, i.e. dead loading, superimposed loading 
and wind loading. The degree of partial safety factor applic- 
able to each of these loading types takes account of the 
degree of accuracy of that particular load. Values of y, are 
given in BS 5628, clause 22. For the combination of loading 
being considered in this example, dead plus superimposed 
only, case (a) factors for y, are applicable, requiring partial 
safety factors of 1.4 and 1.6 to be applied to G, (character- 
istic dead load) and Q, (characteristic superimposed load) 
respectively (see Table 5.1). 


(a) Characteristic dead loads, G,: 


roof a Od 
2 


= 20.00 kN/m 


Siowess 


x5x3=75.00 kN/m 


=95.00 kN/m 


Estimation of the wall’s own weight should take account of 
the possibility of reducing the wall thickness in the upper 
storeys of the building and, for this purpose, it will be 
assumed that for this example the wall over can be sensibly 
reduced to a half brick wall at first floor level. 


Wall own weight: 

12 mm plaster both sides = 2 x 0.012 x 21 x 12.9=6.00 kN/m 

102.5 mm brick wall =0.1025x18x8.4 =15.50kN/m 

215 mm brick wall =0.215x18x4.5  =1742kN/m 
= 38.92 kN/m 


Total characteristic dead load, G, = 38.92 + 95.00 
= 133.92 kN/m 


(b) Characteristic superimposed loads, Q, (super reduc- 
tions from BS 6399, Part 1, Table 2, have been ignored for 
simplicity): 


+5 


roof = x15 =7.50kN/m 


Sioa we uS a5 00 Lin 


Q, =52.50kN/m 


Design load on wall n,,: 


As stated previously, from BS 5628, clause 22(a), for this 
combination of loading, dead plus superimposed: 


design dead loads = y, x G, (characteristic dead loads) 
where y,= 1.4 


and 


design superimposed load = y, x Q, (characteristic super- 
imposed loads) where y, = 1.6. 


Therefore, design load on wall: 


n,, = (1.4 x 133.92) + (1.6 x 52.50) 
=271.5kN/m 


Stage 2: Estimate Wall Thickness 


The wall is required to support its loading over quite a large 
effective height and, therefore, a reasonably low value of 
slenderness ratio will be required to limit the buckling tend- 
ency. BS 5628 permits a maximum slenderness ratio of 27 
(clause 28.1) and for estimation purposes it can be expected 
that, to provide adequate reserve in the allowable stresses 
to carry the moderately heavy loads, a limit of around 16 on 
the slenderness ratio would be required. 


Assessed slenderness ratio (SR) = 16. 


Slenderness ratio, SR = Teg 


ef 


therefore toe= Fheg 

SR 
Due to enhanced restraint from floor h,,=0.75 x 4.5 
_ 4.5.%x0.75 


t 
. 16 


estimated t,,=0.211 m 
But, to suit standard brick dimensions, try 215 mm thick wall. 


(Note: The factor of 0.75 applied to the actual height to 
determine the effective height in the equation will be dealt 
with in stage 3 of the design process following.) 


By inspection, it is noted that the design of a 102.5 thick 
(half-brick) wall would produce a slenderness ratio of 32 
which is in excess of the maximum permissible value of 27 
and, therefore, for standard bricks, a 215 mm thick wall is 
the minimum thickness appropriate to this effective height. 


Stage 3: Calculate Design Strength of Wall 
Bt, 


Design strength = —* per linear metre (BS 5628, clause 


32.2.1). 
(a) Determine capacity reduction factor, B: 


For the purpose of this example, it is assumed that any 
intersecting crosswalls are at such centres as to offer little 
lateral support to the wall. The slenderness ratio of the wall 
is therefore determined by its effective height rather than 
its effective length. Therefore, 
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Figure 10.3 Lateral restraint stiffness affecting effective height 


effectiveheight _ h,, 


slenderness ratio, SR= - - 
effective thickness — f.¢ 

Effective height: The horizontal lateral supports which dic- 
tate the effective height of this element are provided by the 
ground and first-floor rc slabs and, as these slabs span onto 
the wall, the contribution of their support can be consid- 
ered to provide enhanced resistance to lateral movement. 
Clause 28.3.11 of BS 5628 allows an effective height of 0.75 
times the clear distance between the lateral supports for 
this support condition. Therefore 


effective height, h,; =0.75 x (4500 — 150) 
=3262.5mm 


It is perhaps worth considering the logic of this allowance 
of 0.75 x h by inspecting the deflected shape of the wall at 
the point where it is about to buckle. The implication of 
enhanced resistance to lateral movement (as opposed to the 
alternative simple resistance to lateral movement quoted in 
BS 5628) is that rotation of the wall at that support position 
is certainly limited if not completely eliminated. The junc- 
tion becomes the equivalent of a partially fixed end with the 
deflected shape as indicated in Figure 10.3. 


Effective thickness: The effective thickness, f,,, of this ele- 
ment, as defined in BS 5628, clause 28.4.1, is the actual thick- 
ness and has already been estimated in stage 2 of the design 
process as 215 mm thick. Therefore 

hep — 3262.5 


—— =15.2 


slenderness ratio, SR = 
to OS 


Eccentricity of loading: The majority of the load supported 
by the element under consideration is in the loadbearing 
wall immediately above the first floor slab, and is the 
accumulation of the loads from the floors, roof and walls 
over. The proportion of the total load on this element accru- 
ing from the first floor slab alone is relatively small. It is 
assumed that a half-brick wall will later be proved to be 
adequate for the loadbearing wall element immediately 
above first floor level and the detail at this junction is 
shown in Figure 10.4, where 


W, = loading in loadbearing wall over 
W, =slab loading from left-hand side 
W, = slab loading from right-hand side. 


215mm 


Figure 10.4 Eccentricity of loading for Example 1 


W, can be assumed to be applied concentrically, whereas 
W, and W, must be applied at a position equal to t/6 from 
the loaded face (see BS 5628, clause 31). 


For this element under full dead plus superimposed load- 
ings, W, = W;, because the loads and spans are identical and 
the resultant of these two loads is concentric on the 215 mm 
thick wall under. Consideration should be given, however, 
to the possibility of one of the floor spans being completely 
relieved of its superimposed loading, in which case the 
resultant W, and the reduced W, would be eccentric on the 
215 mm thick wall under. The effect of the reduced total 
load, but applied with an eccentricity, may be a more crit- 
ical design condition than the axially applied full load. The 
same imbalance of load, resulting in its eccentric applica- 
tion, would also result from different span lengths from 
each side of the wall. 


For the purpose of this particular example the effects of this 
eccentricity will be ignored but will be investigated later in 
the chapter. 


Capacity reduction factor, B: From BS 5628, Table 7 (see Table 
5.15) and for eccentricities of loading of between 0 and 
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0.05t, a B value of 0.854 for a slenderness ratio of 15.2 (as cal- 
culated earlier) can, by interpolation, be read off. 


(b) Determine partial safety factor, y,,: 


The categories of both constructional control and manufac- 
turing control of the structural units must be selected at the 
discretion of the designer after careful consideration of 
the relevant factors applicable to a particular project. From 
the information supplied for the design example, control of 
both items could be described as ‘special’ (BS 5628, Table 4— 
see Table 5.11) and a materials partial safety factor y,, of 2.5 
would apply. 


(c) Calculate characteristic strength required f,: 


From the basic equation 


4.5 Phe 


w Yn 


Rearranged, this gives f,> aE 
in which (as previously calculated or assessed) there is: 


design load, n,, =271.5kN/m 
partial safety factory, y,, =2.5 

capacity reduction factor, 8 = 0.854 

wall thickness, t =215mm 


therefore characteristic strength required, 


_ INS x25 


f= 0.854 x 215 


=3.7 N/mm? 


The element being considered is a 215 mm thick wall in 
which the width of the wall is equal to the length of the 
brick. For narrow brick walls (referred to earlier as half- 
brick walls), in which the thickness of the wall is equal to 
the width of the brick, a shape factor of 1.15 as defined in BS 
5628, clause 23.1.2 is applicable. The application of this 
shape factor reduces the characteristic strength required of 
the masonry thus: 


n wim 


f= Bex 1.15 


and will be applied in a later design example. 


Stage 4: Determine Required Brick and Mortar Strengths 


It has now been determined that, to support the calculated 
design loads on this particular element using a 215 mm 
thick brick wall, the characteristic strength required of the 
masonry is 3.7 N/mm’. 


From BS 5628, Table 2(a) (see Table 5.4) a brick of 
10 N/mm? compressive strength set in a mortar designa- 
tion (iv) is just not adequate (see Table 5.4), therefore use 
bricks of 15 N/mm? compressive strength set in a designa- 
tion (iv) mortar. 


It can be seen that this is an extremely low strength require- 
ment, but the wall thickness of 215 mm is a minimum for 


the storey height and therefore no adjustment to wall thick- 
ness will be required. This design example has been speci- 
fically related to the design of a brick wall. It is evident that, 
for such a low strength requirement, a concrete block of say 
150 mm thickness would have been acceptable and per- 
haps a more structurally economical alternative. This will 
be considered in a later design example. It should be noted 
that a 150 mm solid dense concrete block would exceed the 
manual lifting limit of 20 kg. 


Example 2 
Using the same criteria, design the internal brick wall 
between first and second floors. 


Stage 1: Calculate Design Load, n,, 
(a) Characteristic dead loads, G: 
= 20.00 kN/m 
2 floors = 9+5 x5x2=50.00 kN/m 
2 = 70.00 kN/m 
Wall own weight: 


plaster =2 x 0.012 x 21x 8.4 =4.23 kN/m 
102.5 mm wall =0.1025 x 18 x 8.4 =15.50 kN/m 
=19.73kN/m 


Total characteristic dead load, G, = 19.73 + 70.00 
= 89.73 kN/m 


(b) Characteristic superimposed loads, Q,: 


a “= x1.5 =7.50kN/m 


54+5 


2 floors = x3 x2=30.00 kN/m 


Q,. = 37.50 kN/m 


Design load on wall, 1,,: 


Dead n,, =14xG, 


as Example 1 
Superimposed 1, = 1.6 x Q,. 


Designloadn,, =(1.4xG,)+(1.6 x Q,) 


= (1.4 x 89.73) + (1.6 x 37.50) 
=185.62kN/m 

Stage 2: Estimate Wall Thickness 

Assessed slenderness ratio = 21 

Therefore wall thickness required, 


2.8 X 0.75 
top= 71 


=0.10m 


Try brick wall 102.5 mm thick. 
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Stage 3: Calculate Design Strength of Wall 


(a) Determine f from slenderness ratio: 


Effective height, h,, |= (2800 — 150) x 0.75 = 1987.5 mm 
Effective thickness, f,,= actual thickness =102.5mm 
Slenderness ratio, SR = hes = res =19.4 
tee 102.5 


The possibility of eccentricity of loads due to imbalance 
of dead and superimposed loads will, for simplicity, again 
be ignored for this design example. Therefore, from Table 7 
of BS 5628, by interpolation (see Table 5.15): B = 0.721 for 
SR=19.4 and e, =0 to 0.05. 


(b) The partial safety factor, y,, will remain, as for Example 
1, as 2.5 for special categories. 


(c) Calculate characteristic strength required, f,. 


It is hoped to use a 102.5 mm thick brick wall for this ele- 
ment and BS 5628, clause 23.1.2 permits the application of a 
shape factor of 1.15. Therefore 


f _ NV 
kK Btx 1.15 


_  185.62x2.5x 108 
0.721 x 102.5 x 1.15 x 1000 


=5.46 N/mm? 


Stage 4: Determine Required Brick and Mortar Strengths 


By inspection of Table 2(a) of BS 5628 (see Table 5.4) it 
is necessary to provide a brick of compressive strength 
27.5 N/mm? set in a mortar designation (iv) (6.2 N/mm? 
provided) or lower strength brick of 20 N/ mm‘ set in a 
designation (iii) mortar. 


The compatibility of the differing brick strengths and mortar 
grades required for the elements in the adjacent storey 
heights of Examples 1 and 2 conflicts with good design prac- 
tice, as will be discussed in another chapter. The designer 
may conclude that the lower strength 215 mm thick wall 
should extend to the underside of the second-floor slab 
where a more reasonable reduction could be employed. 


Example 3 


Design the concrete block internal walls shown in Fig- 
ure 10.5 to support the loading shown from the rc storage 
slab over. 


Loadings on rc slab: 


characteristic dead load =6.5kN/m? 
characteristic superimposed load = 12.5 kN/m? 


The concrete blocks will individually measure 400 x 200 
on elevation and should be assumed to have a density of 
12 kN/m* and are solid blocks. 


Stage 1: Calculate Design Load, n,, 


(a) Characteristic dead loads, G,: (assume 190 mm thick 
block wall) 


wind or other lateral loads are to be 
ignored 


B 
is “| ‘ udl 


concrete 


block wall 


Figure 10.5 Section for Example 3 


7. 
storage slab = o x6.5 =22.75kN/m 


block wall =12x0.19 x 6.7 = 15.28 kKN/m 
= 38.03 kN/m 


(b) Characteristic superimposed loads, Q,: 
7.0 
storage slab = cs x 12.5 =43.75 kN/m 


For this combination of loading (dead plus superimposed) 
partial safety factory values for y, should be taken as 1.4 and 
1.6 respectively for characteristic dead and superimposed 
loads. 


Design load on wall: 


ny = (14x G,) + (1.6 x Q,) 
= (1.4 x 38.03) + (1.6 x 43.75) = 54.24 + 70.0 
=124.24kN/m 


Stage 2: Estimate Wall Thickness 


The fairly high walls are required to support a moderately 
heavy load from the storage slab. As the slab spans onto the 
walls from one side only, eccentricity of loading will influ- 
ence the capacity reduction factor and, therefore, should be 
taken into account when assessing the slenderness ratio for 
wall thickness estimation: 


Assessed slenderness ratio = 22 
Therefore estimated wall thickness, 


tee= 2 x 0.75 = 0.1875 m 


Try 190 mm thick concrete block wall. 


Stage 3: Calculate Design Strength of Wall 
(a) Determine f from slenderness ratio: 
Effective height, h,,=5.5 x 0.75 =4.125 m 
Effective thickness, f,,= actual thickness = 190 mm 
he — 4.125 


Slenderness ratio, SR = —&4 = ——— =21.71 
tee 0.19 
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¢ of wall 


— \<eE 


eccentricity of load about 
¢ of wall 

e, = 0.167t 

ie (t/2 —t/3 = t/6) 


thickness = t 


Figure 10.6 Eccentricity of loading for Example 3 


Eccentricity of load: From BS 5628, clause 31, the eccentricity 
of the load for this example may be assumed to be applied 
at one-third the depth of the bearing area from the loaded 
face (see Figure 10.6). 


From Table 7 of BS 5628 (see Table 5.15): with SR = 21.71 and 
e, = 0.167t, by interpolation, B = 0.485. 


(b) The partial safety factor, y,,, for materials and work- 
manship will, for this example, be assumed to be governed 
by the same conditions as in Example 1, hence y,, = 2.5. 


(c) Characteristic strength required, f,: 


f= tl 124.24 x 2.5 x 108 
kK" BE 0.485 190 x 1000 


=3.37 N/mm? 
Stage 4: Determine Required Block and Mortar Strengths 


The applicable section of Table 2, BS 5628, is dependent on 
the shape of the individual block units, and is related to the 
ratio of their height to least horizontal dimension. The 
block to be used, in this example, for the estimated thick- 
ness of 200 mm, has the dimensions shown in Figure 10.7. 


Shape ratio = amt = 1.05 
190 


Interpolation between Tables 2(b) and 2(d), BS 5628 is nec- 
essary to find the block and mortar strength. Try solid 
blocks with a compressive strength of 7.0 N/ mm’ set in 
mortar designation (iv). 


From Table 2(b) for the block chosen, f, = 2.8 N/ mm? for a 
height to least horizontal dimension ratio of 0.6. From Table 
2(d) for the block chosen, f, = 5.6 N/ mm? for a height to 
least horizontal dimension ratio of between 2.0 and 4.0. 


200 mm 


400 mm 
~ 


190 mm solid blocks (no voids) 


Figure 10.7. Block dimensions for Example 3 


Therefore interpolation between the two values is required 
for the ratio of 1.05, i.e. 


_ (1.05 -0.6) 
(2.0 -0.6) 


a x (5.6 — 2.8) = 3.7 N/mm? 


Therefore f, provided > 3.37 N/mm? required. 


Use solid concrete blocks measuring 400 long x 200 high x 
190 wide with a compressive strength of 7.0 N/ mm? and set 
in mortar designation (iv). 


10.5 Design of Cavity Walls 


Cavity walls are of two basic types (see sections 9.3 and 9.4 
and Figure 10.8): 


(a) ungrouted cavity walls (the more common type) 
(b) cement grouted cavity walls. 


10.5.1 Ungrouted Cavity Walls 


The great majority of ungrouted cavity walls are used on 
external elevations, and the vertical loading in such situa- 
tions invariably results from floors and roofs spanning onto 
the inner leaf only. In addition, wind pressures and suc- 
tions impose lateral loading on the wall and this must also 
be considered in the design. This latter aspect of loading 
will be considered in Chapter 11. For certain arrangements 
and situations, cavity walls are used internally and are often 
loaded with floor and roof loads on both leaves. Examples 
of internal cavity walls occur where a plan area extends 
below, say, first floor level, and the line of the external cavity 
wall over is extended through the ground floor storey as 
will be seen later in Example 6. Further examples are in the 
use of cavity party walls for flat developments where the 
cavity construction is employed for sound insulation of 
the party wall common to both properties, and at move- 
ment joints in a building. 


The stiffness of cavity walls ignores the wall ties from the 
point of view of transferring flexural shears across the 
cavity, but utilises the wall ties in that each of the two leaves 
has the effect of helping to prop the other. Allowance is 
given for this propping effect in the calculation of the effect- 
ive thickness of cavity walls which is given, in clause 28.4.1 
of BS 5628, as equal to two-thirds the sum of the actual 
thicknesses or the actual thickness of the thicker leaf, 
whichever is the greater. 


fine aggregate 
concrete grout 


102.5 naa 102.5 


50 min (150 max) 


(b) grouted cavity wall 


wall ties 


102.5 Pa 102.5 


50 min (150 max) 


(a) ungrouted cavity wall 


Figure 10.8 Typical cavity walls 


Design of Masonry Elements (1): Vertically Loaded 131 


Example 4 

For the building and loading information given for 
Example 1, design the ungrouted external cavity wall in the 
bottom storey height. 

Stage 1: Calculate the Design Load, n,, 


(a) Characteristic dead loads, G,: 


5 


roof = 5 x4  =10.00 


8 floors = > x53=37.50 


12 mm plaster = 0.012 x 21 x 12.9=3.25 
own weight of wall = 0.1025 x 18 x 12.9 = 23.80 


Note: Inner leaf only is considered in own weight wall cal- 
culation. Outer leaf is self-supporting. 


Total characteristic dead load, G, = 74.55 kN/m 


For this design example, the effect of wind loading on the 
wall will be ignored as this aspect will be dealt with in 
Chapter 11. 


(b) Characteristic superimposed load, Q,: 


roof = 7 x15 =3.75kN/m 


3 floors = = X3xX3=22.50kN/m 
Q, = 26.25 kN/m 


Therefore 
Design load on wall: 


n,, = (14x G,) + (1.6 Q,) 
= (1.4.x 74.55) + (1.6 x 26.25) 
= 146.37 kN/m 


Stage 2: Estimate Wall Thickness 


The two most common configurations of brick cavity walls 
are shown in Figure 10.9. 


The internal wall designed in Example 1 was shown to 
require an extremely low strength brick for a 215 mm thick 
brick wall, but a 102.5 mm thick brick wall could not be 


block _ brick block __ brick 


[4 
—- KO wall ties in _- 
accordance with 
requirements of 
BS 5628 


100 ae oh 102.5 140 a em 102.5 


50 min (150 max) 50 min (150 max) 


(a) 255 cavity wall min (b) 367 cavity wall min 
355 cavity wall max 467 cavity wall max 


Figure 10.9 Typical cavity walls for use in Example 4 


used as it exceeded the maximum slenderness ratio of 27. 
The external leaf of the cavity wall will stiffen the loadbear- 
ing inner leaf and therefore, for this example, try a 305 mm 
cavity wall. 


Check the maximum slenderness ratio: 


sR= “et 
tog 

_ (4.5-0.15) x 0.75 x 108 

(2/3) x (102.5 + 102.5) 


= 23.87 
which is less than the maximum permissible SR of 27. 


Therefore, try a 305 mm cavity wall. 


Stage 3: Calculate Design Strength of Wall 
(a) Determine B from slenderness ratio: 

Effective height, h,,= (4.5 — 0.15) x 0.75 =3.26 m 
Effective thickness, f,,= (2/3) x (102.5 + 102.5) = 136.67 mm 


3 
Slenderness ratio, SR = Hs. Seon 
te (136.67 


= 23.87 


Eccentricity of load (see Figure 10.10) (from BS 5628, clause 
31): 


As in Figure 10.6, the eccentricity of the load on the load- 
bearing inner leaf of the cavity wall, e, = 0.167t (i.e. t/6) (see 
Figure 10.10). 


From Table 7 of BS 5628 (see Table 5.15), with SR = 23.87 and 
e, =0.167t, by interpolation B = 0.389. 


(b) Partial safety factor for materials and workmanship, 
Yom = 2-9: 


(c) Characteristic strength required, f,: 


146.37 x 2.5 x 10° 
0.389 x 102.5 x 1.15 x 1000 


f= Nn 
kK Btx 1.15 


=7.98 N/mm? 


(The value of 1.15 is the shape factor allowed for narrow 
walls. See BS 5628 clause 23.1.2.) 


rc slab 


1/3 2/3 


Figure 10.10 Eccentricity of loading for Example 4 
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Stage 4: Determine Brick and Mortar Strengths Required 


From Table 2(a) of BS 5628 (see Table 5.4) with f, = 
7.98 N/mm2, use bricks with a compressive strength of 
32 N/mm? set ina designation (iii) mortar. 


Clearly this brick and mortar strength is not compatible 
with the internal 215 mm thick brick wall designed in 
Example 1, and the designer may wish to use the same 
higher strength brick type for all ground floor walls or con- 
sider blockwork instead of bricks. 


Example 5 


Repeat Example 4 using 215 mm thick brick inner leaf. 


Stage 1: Calculate n,, 
(a) Characteristic dead loads, G,: 


roof (as Example 4)= 10.00kN/m 

3 floors (as Example 4)= 37.50 kN/m 

12 mm plaster (as Example 4)= 3.25 kN/m 

own weight of wall =0.215 x 18x 12.9= 49.92kN/m 
Therefore G, = 100.67 kN/m 


(b) Characteristic superimposed loads, Q,: 
Q, =26.25kN/m 


n,, = (1.4 x 100.67) + (1.6 x 26.25) 
=182.94kN/m 


As Example 4, 


Design load on wall: 


Stage 2: Calculate Design Strength of Wall 
(a) Determine B: 
hg = 0.75 x (4.5 — 0.15) = 3.2625 m 
tap = (2/3) x (215 + 102.5) = 211.67 mm 
| use 215 mm for ty 


or =215mm 


_ Ag _ 3.2625 108 _ 
7 215 


SR 15.2 


Eccentricity, e, =0.167t (as Example 4). 


255 min 
355 max 


| ungrouted external cavity 


| Ct wall 


grouted internal cavity 
wall 


102.5 ea 102.5 


50 min (150 max) 


detail 


Figure 10.11 Dimensions for Example 6 


From Table 7 of BS 5628 (see Table 5.15), with SR = 15.2 and 
e,, = 0.167t, B = 0.696. 


(b) Y,, = 2.5 (see Example 4). 
(c) Characteristic strength required, f,: 


MhyYn __ 182.94 2.5 x 108 
fe = = 


ae * 53.06 N/mm? 
BE 0.696 x215x 1000 


Stage 3: Determine Brick and Mortar Strength Required 


From Table 2(a) of BS 5628 (see Table 5.4), use bricks with a 
compressive strength of 10 N/mm’ set in a designation (iv) 
mortar. 


10.5.2 Grouted Cavity Walls 


Internal cavity walls, can be designed, sometimes more 
economically, by grouting the cavity as has been previously 
explained. The most common situation for this condition 
to exist is, perhaps, where a building plan area increases 
below say first-floor level as described in section 10.5.1. To 
maintain standard room sizes in hostel-type buildings, the 
cavity wall thickness is often extended through the ground 
floor storey, and consideration could be given in such a situ- 
ation to the use of a grouted cavity wall. 


Example 6 


Design the internal fair-faced brick wall in the ground floor 
storey of the building shown in Figure 10.11 as a grouted 
cavity wall. The partial safety factor, y,,, can be taken as 2.5 
for the purpose of this example, the brickwork density is 
18 kN/m* and the loadings are given in Table 10.1. 


Stage 1: Calculate n,, 


(a) Characteristic dead loads, G: 


For this example, the exact position of each of the compon- 
ent dead loads will be considered in order to establish the 
eccentricity of the loading system on the wall under. The 
characteristic dead loads will therefore be subdivided thus: 


main roof 
—— 
2.75 
—r— 
see detail 2.75 
left a 
ne 2.75 
low roof 
——_ 
oe =— 
3.30 
v 
4.0 6.0 wall to be 
, ; designed 


indicates direction of span of 
floors and roof 
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Table 10.1 
Mainroof Lowroof Floors 
Characteristic dead 4.8 6.0 6.0 
loads (kKN/m?) 
Characteristic superimposed = 1.5 3.0 4.0 
loads (kN/m?) 


G,, =ground floor wall 18x0.255x3.3=15.15 
18 x 0.1025 x 8.25 = 30.44 


G,, total = 45.59 kN/m 


and 1st to 3rd floor walls 


G, = low roof =6 x 5 =12.00kN/m 


G,g = main roof =4.8 x : = 14.40 kN/m 


3 floors =3% 6x 2 = 54.00 kN/m 


G,, total = 68.40 kN/m 


Total characteristic dead load = G,, + Gy + Gy 
= 45.59 + 12.00 + 68.40 
=125.99kN/m 


(b) Characteristic superimposed loads, Q,: 


As for the characteristic dead loads, the characteristic 
superimposed loads will be subdivided thus: 


Qu, =low roof=3 x 5 =6.0KN/m 


Qy. =main roof =1.5 x : =4.5kN/m 


3 floors = 4.0 x : X3=36.0kN/m 


Qy, total = 40.5 kN/m 


Total characteristic superimposed load = Q,, + Qy5 
=6.0+40.5 
=46.5kN/m 


Design load on wall: 


n,, =(1.4x G,) + (1.6 x Q,) 
=(1.4x 125.99) + (1.6 x 46.5) 
= 250.79 kN/m 


Now consider the resultant position of the design load from 
the eccentricities of the various components: 


Position of resultant design load, n,,, must take account of 
partial safety factors, y, for loadings as shown below. 


Position of resultant: Taking moments about left-hand face of 
wall as shown in Figure 10.12: 


Nye = (Gyy X 1.4 X 34.2) + (Qu, X 1.6 X 34.2) 
+ (Gy X 1.4.x 127.5) + (G4 x 1.4 x 220.8) 
+ (Qh x 1.6 x 220.8) 
= (574.56) + (328.32) + (8137.82) 
+ (21 143.81) + (14 307.84) 
= 44 492.35 


220.8 34.2 


low roof ~ rm 
walltl 


34.2 | 


G3 
Qu Qke 


first floor 


127.5 


Figure 10.12 Loading for eccentricity for Example 6 


t= 255.8 


e=177.41 


i 
++ 


127.5 @=49.91 


¢ grouted cavity wall 


Figure 10.13 Eccentricity for Example 6 


Therefore 


_ 44.492.35 


=177.41mm_ (see Figure 10.13) 
250.79 
€, = 177.41 — 127.50 = 49.94 mm = 0.196t 


In practice, an experienced designer would tend to ‘guess- 
timate’ this eccentricity, rather than rely on sucha theoretical 
analysis which is difficult to justify. 

Stage 2: Estimate Wall Thickness 

The wall thickness is assumed to be dictated by the external 
cavity wall over as 305 mm for planning requirements. 
Stage 3: Calculate Design Strength of Wall 

(a) Determine B: 


The effective thickness of a grouted cavity wall, as defined 
in clause 29.6 of BS 5628, can be taken as the actual overall 
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thickness. Careful supervision of the grouting is essential to 
ensure compliance with this definition. 


Neg _ 0.75X3.3X 103 _ 
7 305 


SR= 8.11 


e,, as Calculated previously, = 0.196t. 


From Table 7 of BS 5628 (see Table 5.15), by interpolation: 
B = 0.67. 


(b) y,, as quoted for this example = 2.5. 


(c) Characteristic strength required for wall, f,: 


1m _ 250.79 2.5 x 10° 
Bt — 0.67x305 x 1000 


ifs = 3.07 N/mm? 


Stage 4: Determine Brick and Mortar Strengths Required 


From Table 2(a) of BS 5628 (see Table 5.4), use bricks with 
a compressive strength of 10 N/mm’ set in a designation 
(iv) mortar together with concrete grout to give a 28 day 
cube strength of 10 N/mm and wall ties in accordance 
with BS 5628. 


10.5.3 Double-leaf (or Collar-jointed) Walls 


The most common use of double-leaf walls is likely to be 
found where a wall thicker than a half-brick wall is required 
for either functional or design purposes, but where the 
architect requires stretcher bond and fair-faced work on 
both wall faces. The design given in Example 1 would be 
exactly the same for the same total thickness of double-leaf 
wall, provided that the detail conditions as specified in 
clause 29.5 of BS 5628 are satisfied. 


10.6 Design of Walls with Stiffening Piers 


The possibility of a half-brick wall buckling under axial 
loads can be significantly reduced by the introduction of 
piers placed at regular, specified centres and fully bonded 
into the wall itself. The use of stiffening piers to increase the 
second moment of area of a wall section is, of course, not 
limited to half-brick walls and can be applied to any solid 
wall thickness as well as to cavity walls. It is considered, 
however, that if a 215 mm thick brick wall does not have 
an adequate slenderness ratio to withstand a particular 
loading condition, the design calls for the selection of a geo- 
metric shape best suited to provide the necessary second 
moment of area. The most common occurrence of this situ- 
ation would occur in an extremely high wall which is 


2.5m c/c 
<« ¢ 


required to support heavy axial loading. The design philos- 
ophy for such an element would be based upon second 
moment of area and radius of gyration, rather than slender- 
ness ratio as traditionally calculated from effective thick- 
ness, and a diaphragm or fin wall profile is generally the 
most suitable geometric form. The design philosophy will 
be dealt with in more detail later in section 10.8. 


Example 7 


Design the internal wall given for Example 1 as a half-brick 
wall adequately stiffened by the introduction of brick piers. 


The design for Example 1 resulted in a 215 mm thick brick 
wall of extremely low strength merely to provide for the 
maximum permissible slenderness ratio. The best use is not 
being made of brickwork’s natural compressive strength in 
this design and the pier-stiffened half-brick wall is an obvi- 
ous alternative choice, as will be shown in this example. 


Stage 1: Calculate n,, 
The design load will be taken as the same as for Example 1: 


ny =271.5kN/m 


Stage 2: Estimate Wall/Pier Configuration 


There are no simple and realistic guidelines that can be 
applied to the selection of the size and spacing of stiffening 
piers. The trial and error approach related to the objective 
of achieving a reasonable slenderness ratio will eventually 
lead to the designer becoming more familiar with the bene- 
fits gained from the introduction of stiffening piers. For 
this example, we will select a wall/pier profile as shown in 
Figure 10.14 and check its suitability. 


Stage 3: Calculate Design Strength of Wall 


(a) Determine B: 


Effective thickness is improved by the introduction of the 
stiffening piers and is the product of the actual thickness of 
the wall (102.5 mm) and the stiffening coefficient K obtained 
from BS 5628, Table 5 (see Table 5.12): 


Stiffened wall properties: 


pier spacing — 2.500 _ 
0.327 


7.64 
pier width 


pier thickness, t, 215 
= =2.1 
wall thickness,t 102.5 


> bb 


| ¢ pier 


327.5 


Figure 10.14 Dimensions for Example 7 


|Z pier 


__t | 


7 102.5 215 


=e | 


327.5 
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2.5m c/c 


—_| 


327.5 


Figure 10.15 Dimensions for Example 8 


By interpolation from BS 5628, Table 5, K = 1.36. 


Effective thickness, f,,=K x t= 1.36 x 102.5 
=139.4mm 
hg _ 0.75 x (4.5 — 0.15) x 108 


Slenderness ratio, SR = —* 
tog 139.4 


=23.4 


As for Example 1, e, = 0. Thus from BS 5628, Table 7 (see 
Table 5.15) B =0.557. 


(b) Partial safety factor, y,, =2.5,as Example 1. 
(c) Calculate characteristic strength, f, required: 


As well as stiffening the wall, the piers are quite capable 
of supporting some of the axial load and the loadbearing 
area of the piers should be added to that of the wall 
in determining the required characteristic strength. The 
equivalent thickness of solid wall per metre length with 
allowance for the pier area for this example is calculated 
as follows: 


wallareat+pierarea — (102.5 x 2500) + (112.5 x 327) 
2500 


length 
i.e. equivalent solid thickness = 117.22 mm 


Ym 271 X 2.5103 
Bxtx1.15  0.557x 117.22 x 1000x 1.15 


fe 
=9.04 N/mm? 


Stage 4: Select Brick and Mortar Strength Required 


From Table 2(a) of BS 5628 (see Table 5.4), by interpola- 
tion, use a brick of compressive strength 33 N/ mm/? set ina 
designation (ii) mortar. The strength requirements for this 
wall should be compared for compatibility with the exter- 
nal cavity wall designed in Example 4. 


Example 8 


Now reconsider the external ungrouted cavity wall designed 
in Example 4 to investigate the effect of stiffening the inner 
leaf with piers. 


Stage 1 


The design load on the wall will be taken as 146.37 kN/m, 
as for Example 4. 


102.5 
50 cavity 


102.5 | 215 


Stage 2 


The same configuration of stiffening piers as was used 
for Example 7 will be considered. The wall profile to be 
designed is therefore shown in Figure 10.15. 


Stage 3: Design Strength of Wall 
(a) Determine B: 


From BS 5628, clause 28.4.2, Figure 2, the effective thickness 
of a pier-stiffened cavity wall is given as the greatest of: 


(a) (2/3) x (102.5 + 102.5K), where K is the stiffening coeffi- 
cient for the internal leaf, 

(b) 102.5 

(c) Kx102.5. 


The stiffening coefficient K for the internal leaf of the cavity 
wall is calculated in exactly the same manner as in Example 
7 and, as the selected pier spacing and configuration are 
identical, K = 1.36. 


Effective thickness, f.,= (2/3) x (102.5 + 1.36 x 102.5) 
= 161.27 mm 
hg _ 0.75 x (4.5 — 0.15) x 108 


Slenderness ratio, SR = —£ 
be 161.27 


= 20.2 
As for Example 4, e, = 0.167t. 


By interpolation from BS 5628, Table 7 (see Table 5.15) 
B=0.553. 


(b) Partial safety factor for materials, y,,, will be taken as 
2.5, as was used for Example 4. 


(c) Characteristic strength required: 


n wim 


f= Bxtx1.15 


The equivalent thickness of the inner leaf, which is support- 
ing the load, is increased to allow for the piers, in the same 
way as in Example 7: 


Equivalent thickness=117.22mm_ (as Example 7). 
Therefore 
fz 146.37 x 2.5 x 10° 
kK" 0.553 x 117.22 x 1000 x 1.15 


=4.91 N/mm? 
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Stage 4: From BS 5628, Table 2(a) (see Table 5.4) 


Use a brick of compressive strength 15.0 N/mm‘ set in a 
designation (iii) mortar. 


10.7 Masonry Columns 


The two most common forms of columns generally en- 
countered in design are: (a) the simple rectangular column 
for the full storey height of a building, and (b) the columns 
formed by adjacent window or door openings in walls. 
Other more complex forms are often encountered where an 
architectural feature is required and these are discussed 
later in this chapter. 


Example 9: Simple Solid Brick Columns 


It is proposed that the ground floor storey to the build- 
ing designed in Example 1 should be made ‘open plan’ 
by replacing the central spine wall with a series of brick 
columns placed at 3.0 m c/c supporting reinforced concrete 
beams which carry the floors and walls over. Although not 
considered here, the designer will need to consider the 
robustness of the brick column which can be vulnerable to 
accidental damage. This should be considered even if the 
requirement falls outside of Part A of The Building Regula- 
tion rules on disproportionate collapse (see Chapter 8). 


Stage 1: Calculate Design Load on Columns 


The design load per metre length of the wall calculated in 
Example 1 was 271.5 kN/m, therefore, the design load per 
column spaced at 3.0 m centres = 3 x 271.5 = 814.5 kN. (Note 
that this is a conservative appraisal of the load. A more 
accurate assessment can be made by omitting the weight of 
the ground floor wall and including the weight of the rein- 
forced concrete beam and pier.) 


Stage 2: Estimate Column Size 


The lateral restraint is afforded by the rc first floor slab and 
beams and, therefore, a square column section is the most 
suitable profile to provide an equal slenderness ratio to 
both axes. 


The considerable loading will require such a large column 
section, simply in consideration of the load, that this is 
likely to provide adequate stability against the tendency 
to buckle. This aspect will, therefore, have little effect on 
the column size selection. A simple load/area calculation 
shows that a 327 mm square brick column will require an 
extremely high strength brick and mortar combination. It 
is therefore decided to use a larger column size of lower 
unit strength, and a 440 mm square solid brick column is 
selected for trial purposes. 


Stage 3: Design Strength Required 


(a) Determine B: 


h 
Slenderness ratio, SR = 7" 
ef 


500 deep rc 
beam 
4.5 m floor to 


440 square brick floor height 


columns @ 3 mc/c 


rc foundation 
Figure 10.16 Effective height for masonry columns 
The effective height for columns should be taken as the 


clear distance between lateral supports and is shown in 
Figure 10.16 as: 


clear distance between lateral supports = 4.5 — 0.5 =4.0 


ie. effective height, h,, =4.0m 
effective thickness, t,,= actual thickness =440 mm 
3 
SR= Hig _ 40X10" _ 91 
tog 440 


The eccentricity of loading on the column can again be 
taken as 0 to 0.05t. Therefore, from BS 5628, Table 7 (see 
Table 5.15) for SR=9.1 and e, =0, B = 0.983. 


(b) The partial safety factor for materials, y,,, will again be 
taken as 2.5, as for Example 1. 


(c) Calculate characteristic strength required, f,: 


Columns are often subject to clause 23.1.1 of BS 5628 in 
which the loaded area of the element is considered. The 
area reduction factor which takes account of the possibility 
of a below-strength unit (brick or block) being included in 
a small plan area, the single unit therefore representing a 
significant proportion of the loadbearing element, is applic- 
able where the horizontal loaded cross-sectional area is less 
than 0.2 m2. For example, the column has a cross-sectional 
area of 0.44 x 0.44 = 0.194 m2, the area reduction factor is 
therefore applicable and is calculated as: 


0.7 + (1.5 x A) =0.7 + (1.5 x 0.194) = 0.991 


Therefore 
7 814x2.5x 10° 
0.985 x 0.991 x 440 x 440 


= 10.77 N/mm? 


fr 


Stage 4: By Interpolation from BS 5628, Table 2(a) 
(see Table 5.4) 


Use bricks with a compressive strength of 42 N/ mm? set in 
a designation (ii) mortar for 440 mm square solid brick 
columns at 3.0m c/c. 


Example 10: Columns Formed by Adjacent Openings 


Adjacent door and window openings invariably leave a 
column of brickwork which is required to support increased 
load intensity resulting from the lintel loads, in addition to 
the basic load in that length of wall. 
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Figure 10.17 Dimensions for Example 10 


The external cavity wall considered in Example 4 is to be 
punctured with windows measuring 1200 wide and 1800 
high placed at 1640 centres. A typical elevation of the wall is 
shown in Figure 10.17. Wind loading will be ignored for 
this example but will be considered in Chapter 11. 


Stage 1: Calculate Design Load, n,, 
(a) Characteristic dead loads, G,: 
From Example 4, G, = 74.55 kN/m 


Characteristic dead load on column, G,, = 74.55 x 1.64 
= 122.26 kN 


(b) Characteristic superimposed load, Q,: 
From Example 4, Q, = 26.25 kN/m 


Characteristic super load on column, Q, = 26.25 x 1.64 
= 43.05 kN 


Design load on column, 1, = (1.4 x G,) + (1.6 x Q,) 
= (1.4 x 122.26) + (1.6 x 43.05) 
= 240.0 kN 


Stage 2: Estimate Column Thickness 


Based upon a maximum slenderness ratio of 27 and an 
effective height of 4.350 (being the clear height between 
supports): 


minimum t,;= = =161mm 


It is clear that thickenings are required between the 
windows and a 215 mm thick inner leaf will be adopted. 


Stage 3: Calculate Design Strength of Column 


By inspection of the elevation in Figure 10.17, it is clear 
that the column’s weakest axis is that tending to buckle per- 
pendicular to the elevation. The column axis parallel to the 
elevation will therefore not require calculation. 


(a) Determine f from slenderness ratio: 
h,,= Clear height between supports = 4.350 m 


t.¢= 215 or (2/3) x (215 + 102.5) 
“. t¢=215 mm 


4350 _ 


—— =20 
215 


Slenderness ratio, SR = 
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Figure 10.18 Bearing details for window lintel in 
Example 10 

Eccentricity of loading: 

Figure 10.18 shows the bearing detail of the window lintel. 


Therefore, from Table 7, BS 5628 (see Table 5.15), with SR = 
20 and e, = 0.186t, by interpolation B = 0.5282. 


(b) Partial safety factor, y,, =2.5 (as Example 4). 
(c) Area reduction factor: 


Area reduction factor = 0.7 + (1.5 x A) 
=0.7+(1.5 x 0.215 x 0.44) = 0.842 


(d) Characteristic strength required, f,: 


7 240 x 2.5 x 108 
0.528 x 0.842 x 0.215 x 0.440 x 10° 


fe 
=14.3N/mm2 


Stage 4: From BS 5628, Table 2(a) (see Table 5.4) 


Use bricks with a compressive strength of 47 N/mm‘? set 
in a designation (i) mortar. Clearly, this extremely high 
strength brick and mortar is the result of the heavy loading 
on the wall and the large window to wall proportions, and 
the client could be advised to accept smaller windows or 
thicker columns between the windows. 


Example 11: Feature Columns 


Example 9 will be reconsidered, to add interest, by making 
the columns cruciform-shaped as shown in Figure 10.19. 


215 


215 


215 215 215 


by inspection the weakest axes are x-x 
and y-y 


Figure 10.19 Dimensions for Example 11 
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Column properties: 

Area, A =0.2311 m? 
_T = 4 

Lx =L = 0.005 17 m 
Radii of gyration 
Oe 0.1496 m 

Dy = Fy = 9-006 13 m+ 

Radii of gyration 

Toy =P yy = 9-1629 m 


therefore r,, is critical. 


Stage 3: Design Strength Required 


(a) Determine B from slenderness ratio: 


h 
Slenderness ratio, SR = — 
ef 


h,=4.0m 


t.¢ = calculate equivalent solid column to give equal 
radius of gyration. 


Radius of gyration = V(I/A) =0.1496 m 


woe (2) 


t=V(12 x 0.14962) = 0.518 m 


Slenderness ratio, SR = sen 
0.518 


=7.72 


Local stability of the cruciform column must also be checked 
by considering the possibility of buckling in the outstand- 
ing legs of the profile (see Figure 10.20), thus: 


effectivelength | 2x215 _ 
effective thickness 215 


2 


Slenderness ratio, SR = 


The outstanding leg is considered to be a cantilever and 
hence the effective length is determined using a factor of 2. 


Therefore, the previously calculated slenderness ratio value 
of 7.72 will be used in the determination of B. Eccentricity of 
loading will be taken as for the previous example i.e. 0 to 
0.05t. This can be assumed, for this example, as the rigid 


consider local stability of 
outstanding leg of cruciform 
profile 


215 


215 


Figure 10.20 Local stability for cruciform section for 
Example 11 


floor slab applies the load concentrically into the column. 
For other loading arrangements the eccentricity should be 
carefully analysed. 


Therefore, from BS 5628, Table 7 (see Table 5.15), for SR = 
7.72 and e, =0 to 0.05t, B = 1.0. 


(b) Partial safety factor, y,,, will again be taken as 2.5. 


(c) Area reduction factor is not applicable as area of col- 
umn exceeds 0.2 m?. 


(d) Characteristic strength required, f,: 


_ 814.50x2.5x10° 
0.2311 x 1.0 x 10° 


fi 
=8.81 N/mm? 


Stage 4: By Interpolation from BS 5628, Table 2(a) 
(see Table 5.4) 


Use bricks with a compressive strength of 32 N/ mm? set in 
a designation (ii) mortar. 


10.8 Diaphragm Walls 


The diaphragm wall is mostly used in tall single-storey 
buildings where its function is primarily to provide stabil- 
ity against wind loading. It can replace the steel or concrete 
structural frame which may otherwise be required for 
this purpose. This aspect of the diaphragm wall, and other 
geometric profiles, are covered in Chapter 13. However, 
diaphragm walls can be successfully and economically 
used to support heavy axial loading, particularly where 
the load has to be supported at a considerable height. The 
geometry of the diaphragm profile provides increased 
resistance to buckling owing to its J value and, therefore, 
the capacity reduction factor B does not reduce the charac- 
teristic compressive strength by as much as would be 
applicable to an equivalent solid wall. 


Example 12: Design of Diaphragm Wall under Axial Loading 


An overhead loading platform is shown in Figure 10.21. 
The superimposed loading on the rc slab is 100 kN/ m?. 
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Figure 10.21 


Dimensions for Example 12 
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Figure 10.22 Diaphragm wall profile 


Stage 1: Calculate Design Load 
(a) Characteristic dead load, G,, per metre length: 


rc slab =24x0.4 x 2.44 = 23.33 kN 

spreaderbeams  =24%0.225x0.44 = 2.38kN 

own weight of wall = 0.2366 x 20 x 7.275 = 34.425 kN 
= 60.135 kN 


(b) Characteristic superimposed load, Q,: 
on rc slab Q, = 100 x 2.44 = 244 


Design load on wall n,, = (1.4 x G,) + (1.6 x Q,) 
= (1.4 x 60.135) + (1.6 x 244) 
= 474.59 kN/m 


Stage 2: Estimate Wall Thickness 


Unlike solid walls, the cost of diaphragm walls does not 
increase significantly as the thickness increases. The two 
half-brick leaves are merely spaced further apart to increase 
the overall thickness of the wall and are connected together 
with cross-ribs. The materials required to achieve this 
increased thickness are an extremely small proportion of 
the total. Clearly, the further apart the two leaves are, the 
better the resistance to overall buckling and with only a 
minor increase in cost. Space restrictions are likely to play a 
more significant part in assessing the wall thickness but for 
this example a 440 mm thick wall will be considered (see 
Figure 10.22). 


Stage 3: Calculate Design Strength of Wall 
Wall properties per metre in length: 

Area, A = 236.586 x 10° mm2 

Moment of inertia, [= 4862.35 x 10° mm* 
Radius of gyration, r= 143.36 mm 
Equivalent solid wall: 


from r = V(I/A), as Example 11, t = 496.61 mm = equivalent 
solid thickness. 


It is considered that, until a SR based on radius of gyration 
is introduced into BS 5628, the equivalent solid thickness of 
the diaphragm wall should not exceed the actual overall 
thickness. Hence t = 440 mm. 


(a) Determine B: 


To eliminate eccentricity of load in the wall from the slab, 
the bearing detail shown in Figure 10.23 will be used. Local 
stability of the leaves and ribs should be checked. However, 
with this relatively stocky section, this will not be critical. 


continuity 
reinforcement 


400 slab 
compressible 
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Figure 10.23 Bearing detail — diaphragm wall 


The capacity reduction factor, B, will therefore be based on 
the overall section. 


The continuity reinforcement tied into the rc spreader beam 
can be considered to provide an enhanced support condi- 
tion and the effective height, h,,, will be taken as 0.75 x 7.5 = 
5.625 m. 


Effective thickness of equivalent solid wall = actual 
thickness 


ie. f= 440 


Therefore SR= lad =12.8 
440 


Eccentricity of load = 0, therefore, from BS 5628, Table 7, 
B =0.914 (see Table 5.15). 


(b) Partial safety factor y,, =2.5, as before. 
(c) Characteristic strength required, f,: 


NAY 


fr 


7 6 x area 


_ 474.59x2.5x103 
0.914 x 236.586 x 10° 


=5.49 N/mm? 
Stage 4: By Interpolation from BS 5628, Table 2(a) 
(see Table 5.4) 
Use bricks with a compressive strength of 22.4 N/mm’ set 
ina designation (iv) mortar. 
Example 13: Comparison with Solid Walls 
The diaphragm wall design in Example 12 will, for pur- 
poses of comparison, now be designed as a solid wall. 
Stage 1 
Design load on wall as Example 12, 1,, = 474.59 kN/m. 


Stage 2 


For comparison purposes a 215 mm thick solid wall will be 
designed, as this has virtually the same quantity of materials 
as the diaphragm wall. A 327 mm thick wall would obvi- 
ously be better suited to minimise the buckling tendency, 
but requires considerably more material. 
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Figure 10.24 Bearing detail — solid wall 


Stage 3: Calculate Design Strength of Wall 
(a) Determine B: 


0.75x7.5X 103 _ 
215 


Slenderness ratio = 26 


Eccentricity of load = 0.167t, therefore, by interpolation from 
BS 5628, Table 7, B = 0.333 (see Table 5.14 and Figure 10.24). 


(b) Partial safety factor, y,, = 2.5. 


(c) Characteristic strength required, f,: 


— wm 
f= By 
_ 474.59 x2.5 x 103 
0.333 x 215 x 103 


= 16.57 N/mm? 


Stage 4: From BS 5628, Table 2(a) (see Table 5.4) 


Use bricks with a compressive strength of 57.14 N/ mm? set 
ina designation (i) mortar. 


The difference in the strength requirements for virtually 
the same quantity of materials shows the value of the 
diaphragm wall for such an application. The additional 
workmanship must, of course, be set against the material 
saving for the diaphragm wall in order to relate the com- 
parative economics of the two solutions. In both solutions it 
has been assumed that the stability of the platform is pro- 
vided by other elements not considered in this design. 


10.9 Concentrated Loads 


Concentrated loads, such as occur at beam bearings and 
the like, are analysed using increased characteristic com- 
pressive strengths, f,, from those shown in Table 2(a) of 
BS 5628 (see Table 5.4). The amount by which f, is allowed 
to increase is governed by the type of bearing, and three 
bearing types are illustrated in BS 5628, Figure 4, for guid- 
ance. Two main considerations dictate the bearing type 
stress increase, being: 


(a) The location of the concentrated load relative to the end 
of the wall in which the load’s capacity to disperse in 
both directions is considered. 


loadbearing 
UDL, of spine wall over 
{ ! UDL: uniformly 
Ww distributed load 
4500 from 3 storeys of 
gable wall over 
Point load W: 
440 bearing load from 


beam reaction 


Figure 10.25 Dimensions for Example 14 


(b) The length of bearing of the beam onto the wall in 
which the possibility of spalling due to insufficient 
bearing length is considered. The eccentricity of load 
produced in this bearing type should be considered 
separately in the assessment of the capacity reduction 
factor B for the wall as a whole. 


Example 14: Design of a Wall with Beam Bearing 


Consider Example 9 and investigate the effect of the rc 
beam bearing onto the external gable wall. The beam bear- 
ing detail is shown in Figure 10.25 and the loadings, etc., are 
to be taken as for Example 1. 


Stage 1: Calculate Design Loads on Wall 


UDL, (characteristic dead load G, from inner leaf only not 
influenced by load from beam reaction). 


Half-brick wall =0.1025«18x8.4 =15.50kN/m 
Designload =1.4xG,=1.4x15.5=21.70kN/m 


Point load W: 


From Example 1, the design load per metre length of the 
spine wall = 271.5 kN/m. The first brick column is spaced 
3.0 m away from the gable wall and, therefore, the beam 
reaction at the bearing onto the gable wall 


= 271.50 x ot 
2 
=407.25 kN 


Stage 2 


The wall thickness will be assumed to be already estab- 
lished as a 300 mm thick cavity comprising two half-brick 
leaves with a 100 mm cavity. 


Stage 3: Design Strength Required 


Consideration of beam bearings requires two design checks: 


(a) The local effect immediately beneath the bearing area. 
(b) The overall effect on the wall taking account of what- 
ever other loads are already in the wall. 


The recommended procedure is to design the latter con- 
dition initially to establish the minimum brick and mortar 
strengths required, and then to proceed to check the local 
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Figure 10.26 Spreading effect of bearing for 
Example 14 


condition, including a concrete spreader or padstone 
beneath the beam bearing if found necessary. The intro- 
duction of such a spreader is likely to be more economical 
than increasing the brick and mortar strength of the whole 
wall. Figure 10.26 shows the spread effect of the bearing 
load. 


UDL, from wall over: 


UDL, is spread of load at 45° through brickwork and is 


additive to UDL, at 0.4h for slenderness considerations. 
Design load at 0.4h level: © UDL, (as calculated) = 21.70 


However it is necessary to add the depth of wall below the 
bearing, i.e. (0.5 + 1.6) x 1.4 x 0.102.5 x 18 = 5.42 kN/m 


UDL, revisedto 21.70+5.42= 27.12kN/m 
407.25 


UDL, = =111.88kN/m 


Total design load = 143.48 kN/m 


(a) Determine B: 


. h 
Slenderness ratio, SR= —£4 
ef 


_ 0.75 x 4.35 x 10° 
(2/3) x (102.5 + 102.5) 
= 23.87 


Eccentricity of load: The load from the wall over (UDL,) can 
be taken as applied on the centre line of the inner leaf in the 
lower storey. The beam will be assumed to be sensibly rigid 
with minimum rotation at the bearing. The application of 
this load will therefore also be on the centre line of the inner 
leaf, e, =0. 


Therefore, from BS 5628, Table 7, B = 0.536 (see Table 5.15). 
(b) Partial safety factor y,, = 2.5, as before. 


(c) Calculate characteristic strength required, f,: 


k™ Bx#x1.15 


_ 139 x 2.5 x 108 
0.536 x 102.5 x 1.15 x 10° 


=5.5 N/mm? 


Stage 4: By Interpolation Select Brick/Mortar Strengths 
for Wall from BS 5628, Table 2(a) (see Table 5.4) 


Use bricks with a compressive strength of 20 N/ mm? set in 
a designation (iii) mortar. 


Now design the beam bearing using the strength of brick 
and mortar, introducing a spreader, if required, beneath the 
beam. The calculation will therefore assess the minimum 
width of bearing area required. The beam or spreader will 
take full bearing onto the wall width and is a considerable 
distance from the ends of the wall. By inspection, the detail 
can be classed as a bearing type 2 from BS 5628, Figure 4 
(see Figure 5.48). The local design strength can be taken as: 


1.5f, 


m 


and is equal to a 
bx 


where 


W = bearing load + (UDL, x width of beam at bearing) 
b= width of bearing area 
x= thickness of bearing area. 


Therefore 
a 
~ She 
_ (407.25 + (21.7 x 0.3)) x 2.5 
1.5x 5.8 x 102.5 


=1.16m 


This is greater than 4t = 0.410 m given in BS 5628, Figure 4, 
for bearing type 2 and is therefore not acceptable (see 
Figure 5.48). 


The simplest solution is to introduce a brick pier for the 
bearing width required. Hence, try a 215 mm thick x 750 
mm long pier. The introduction of the pier will obviously 
strengthen the wall, so far as the initial part of the design is 
concerned, however, the same brick and mortar strength 
will be checked (see Figure 10.27): 


(407.25 + (21.7 x 0.3)) x 2.5 x 10° 


Width of bearing, b= 
1.55.8 x 215 


Area required, A=553mm_ (40.215 =0.86 > 0.553 m) 


Use 215 x 750 long brick pier with 215 x 750 x 225 deep con- 
crete padstone beneath the beam bearing. 


500 


concrete 225 


spreader 


750 x 215 thick 
brick pier 


Figure 10.27 Pier dimensions for Example 14 


11 Design of Masonry Elements (2): 
Combined Bending and Axial Loading 


Chapter 10 related the basis of design, set out in Chapter 5, 
to specific problems of axially loaded masonry elements. 
This chapter will progress to the more common design con- 
ditions of combined bending and axial loading. The bend- 
ing moments (BM) applied to these elements could be the 
result of lateral loading or eccentric loads, or a combination 
of both, and Chapter 10 has already introduced bending in 
the form of eccentric vertical loads. The recommendations 
of BS 5628, Part 1 are applied in the following examples to 
specific design problems of element design, and the guid- 
ance given in Chapter 6 will be followed. 


11.1 Method of Design 


The design method is based upon trial and error. Again, 
experience and familiarity will help the accuracy of initial 
estimates. 


Some important questions which must be considered at the 
early stages are: 


(a) In which direction, related to the bed joints, is the bend- 
ing occurring (see Figure 11.1)? 
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Figure 11.1 


CN 
BM 

felt dpc not 

tensile 

resistant re 


Figure 11.2. Examples of flexural tensile stress resistance 


(b) Is it reasonable for the particular design being con- 
sidered to allow flexural tensile stresses to develop (see 
Figure 11.2)? 

(c) Is the ratio of bending moment to axial load, i.e. M/W, 
high or low (where M = bending moment and W= axial 
load) (see Figure 11.3)? 

(d) Is a cracked section likely (see Figure 11.8), and is a 
cracked section permissible for the element being 
designed (see Figure 11.4)? 

(e) Is the total wall section likely to act as a homogeneous 
mass, or is shear slip likely to occur within the section 
(see Figure 11.5)? 

(f) What restraint is already provided to the element, 
and what additional restraint could economically be 
achieved (see Figure 11.6)? 


For example, referring back to Chapter 6, it will be noted 
that the flexural tensile resistance when bending is applied 
normal to the perpendicular joints is greater than when 
bending is applied normal to the bed joints. In addition, it 
will be noted that most dpc membranes cannot be relied 
upon to resist tensile stresses, and that care is needed when 
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Figure 11.3. Examples of ratio of moment against vertical load 
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Figure 11.6 Restraints to wall panels 
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Figure 11.7 


deciding on whether or not to rely upon tensile resistance 
for a particular loading condition. 


The ratio of bending moment to axial load, M/W, is also 
particularly important since, where the ratio is low, normal 
slender elements of solid or cavity construction would usu- 
ally be suitable. However, when the bending moment to 
load ratio, M/W, is high, then the material can be used 
more economically by improving its lever arm using a 
diaphragm, T or other suitable section with a high Z/A 
ratio, i.e. section modulus over cross-sectional area (see 
Chapter 9). Alternatively, post-tensioned or reinforced 
masonry can be used where large bending moment to load 
ratios are to be resisted (see Figure 11.7). 


Post-tensioning or reinforcement give additional resistance 
moment due to the greater resistance to tensile stresses 
afforded by these methods. 


section 
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Where no flexural tensile stresses can be relied upon, the 
section can often be designed on the basis of a cracked sec- 
tion using the effective areas and section modulus of the 
uncracked portion of the masonry. This design could be 
carried out by checking the serviceability limit state under 
working load and ultimate limit state under ultimate load, 
or the design could be checked on working load only, using 
a suitable safety factor against overturning and flexural 
compressive failure (see Figure 11.8). 


Care must be taken, however, when designing such walls 
since, in some elements, a cracked section could be undesir- 
able from the point of view of serviceability limit state 
(see Figure 11.4). Before calculating the section properties 
of a section, it must be decided whether or not the section 
will behave as one mass when bending is applied. For 
example, consider a cavity wall with butterfly ties subjected 


For section where eccentricity e is outside 
the middle third 
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Figure 11.8 Consider section and stress block at working load assuming stress within elastic range 
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Figure 11.9 Inadequacy of wall ties in cavity walls 


to bending. The wall when subjected to bending would 
tend to distort the ties (see Figure 11.9). 


The two leaves deflect approximately equally being linked 
together by the wall ties but not fixed rigidly enough to 
prevent vertical shear slip from distorting the ties. The two 
leaves (1) and (2) shown in Figure 11.9, would tend to rotate 
about points O, and O, respectively. The section modulus 
of such a section would, therefore, be approximately equal 
to the sum of the separate section moduli of each leaf, and 
not the section modulus of the total section about its own 
neutral axis. This assumes that the transfer of load between 
the two leaves is achieved via compression of the ties. In 
fact, BS 5628 reduces the effective cross-section to even less 
(see Chapter 6). 


Alternatively, a wall constructed with a similar quantity of 
bricks, but built in a bonded form such as a totally solid 
wall or a diaphragm wall, would have a much increased 
section modulus due to the shear resistance across the 
bonded joints connecting the two leaves (see Chapter 13). 
Consideration of the possible restraints which can be pro- 
vided to the element can have a large effect on the capacity 
of the element to resist bending. For example, a long gable 
wall of a single-storey building, with no restraint at roof 
level and no connecting walls, would require to be designed 
as a cantilever; whereas, a similar gable with a suitable 
restraint at roof level could be designed as a propped and 
tied cantilever (see Figure 11.10). 


The result of such a difference in restraint is to reduce the 
maximum bending moment in the wall, and to increase 
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Figure 11.11 Initial wall thickness for Example 1 


the permissible flexural compressive stresses due to the 
improved effective height of the wall. In the following 
examples these points will be highlighted in the elements 
designed. 


Example 1: Effects of Varying the Wall Section 


This is an illustration of the effects of varying the wall sec- 
tions to resist bending and axial load where the ratio M/W 
is large. 


As previously stated, the choice of wall elements will 
depend very much on the ratio of bending moment to axial 
load M/W. For example, consider a condition where the 
axial load is from the own weight of the wall only and a 
large bending moment has to be resisted. Assume the own 
weight of the wall to be equal to W per 102 mm of thickness 
per metre length at a level being considered and calculate 
the resistance moments of various sections. 


First consider a normal 305 mm cavity wall with 102 mm 
thick leaves (see Figure 11.11). The section being consid- 
ered is at dpc level, and the dpc can be assumed to have 
zero resistance to tensile forces at right angles to the bed 
joint. Normal cavity ties also can be assumed to provide 
very little shear resistance between the leaves and, there- 
fore, it can be assumed that no vertical shear is transferred 
across the cavity. 


The wall’s resistance to bending at this location is therefore 
provided by the weight of the wall acting at its lever arm 
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Figure 11.10 Behaviour of walls in single storey buildings restrained at the roof 
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Figure 11.12 Additional wall thickness for Example 1 


about the point of rotation. The point of rotation would 
occur at the compression side of the section and, for the 
purposes of this example, it can be assumed to be approxi- 
mately at the edge of each leaf, i.e. leaf (1) rotates about 
point O, and leaf (2) rotates about point O,. 


The wall’s resistance to overturning based upon zero ten- 
sile resistance at the dpc level and zero shear resistance of 
the cavity ties would be: 


(Wx 51)+ (Wx 51) = resistance moment 


i.e. resistance moment = 102W mm 
i.e. allowable applied BM = eee 
safety factor 


Now consider a condition where this resistance moment is 
insufficient for the design bending moment, and assume 
that a 102 mm bonded thickness is added to the inner leaf 
(see Figure 11.12). Based upon the assumptions previously 
mentioned, the resistance to overturning of this section 
would be: 


resistance moment = (2W x 107.5) +(W x 51) 


=266W mm 
giving 
allowable applied BM = pea, 
safety factor 


This means that, by adding 50% more masonry to the wall, 
the resistance moment has increased 160%. 


Consider now the various methods of increasing the wall’s 
resistance moment. It can be achieved by: 


(a) increasing the lever arm of the load, 

(b) increasing the vertical load, 

(c) increasing both the lever arm and the load, 

(d) using a dpc capable of resisting tensile stresses. 


The most economical solution, in terms of the amount of 
masonry, would be to increase the lever arm with little 
or no increase in the cross-sectional area of the wall. One 
method of achieving this is to open up the cavity of the wall, 
and to introduce cross-ribs which make the two leaves 
interact, i.e. using a diaphragm wall (see Figure 11.13). 


Assume that a diaphragm, as shown in Figure 11.13, is to be 
used, that ribs are suitably spaced and bonded to transfer 
the shear forces across the cavity, and that the spacing is 


Figure 11.13 Dimensions for Example 1 


let W = own weight of a 
102 mm thick leaf per m 
length 


219.5 


therefore: 

total weight of wall per m 

length 

= own weight of inner leaf 

+ rib + outer leaf 

=W+ 0.235 W 
1.2375 

= 2.20W 


O, dpc 


+W 


235 | 


102 102 


Figure 11.14 Diaphragm wall option for Example 1 


Table 11.1 

: 2 -3 m3 Z ati 
Section A (m7) Z (x 10°? m?) rr ratio 
Normal cavity 0.204 3.468 0.017 
Thickened leaf cavity 0.317 9.438 0.030 
Diaphragm 0.225 27.730 0.123 


adequate to prevent buckling of the leaves, etc. The condi- 
tions shown in cross-section in Figure 11.14 are therefore, 
applicable, that is, assuming the own weight of each leaf 
of 102 mm thick is W per metre run and that 10% extra 
brickwork is added to the original cavity wall in the form 
of cross-ribs. The resistance moment to overturning of this 
section can be assumed to rotate about the point O, indicated 
in Figure 11.14, since the cross-ribs provide shear resistance. 
Assuming, as before, zero tensile resistance and the point of 
rotation at the edge of the wall (note these two assumptions 
would have to be verified in an actual element design): 


resistance moment = 2.2W x 219.5 
=482.9W mm 


482.9W mm 


allowable applied BM = ———_—_— 
safety factor 


This means that, by adding 10% more masonry, the 
diaphragm solution achieves 100 x 482.9/102 = 473% of the 
resistance moment of the original wall. Other properties of 
these three walls are shown in Table 11.1 for comparison 
purposes. 


Now consider the effect of post-tensioning, assuming that 
the compressive stresses in the diaphragms are less than 
the allowable, as is often the case since tensile stresses usu- 
ally govern the resistance moment (see Figure 11.15). 


Therefore, additional compressive force can be applied 
at the centre line of the wall (assuming bending critical in 
both directions) to give maximum lever arm for the design 
conditions. 
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capping beam 


post-tension rod 


diaphragm wall 


Figure 11.15 Prestressed wall option for Example 1 


Post-tensioned masonry elements are dealt with in Chap- 
ter 15. However, the advantage of adding a further load 
by precompressing the masonry using this method can be 
seen, since any increase in the load Wincreases the stability 
moment by the same proportion (for further details refer to 
Chapter 15). 


In the preceding examples, gravitational weight and post- 
tensioning have been used in resisting bending and the 
advantages of varying the section have been indicated. In 
many cases, however, the wall section being considered 
in resisting bending moments will be located where the 
masonry will have some resistance to tensile stresses and 
therefore, instead of merely a gravitational condition exist- 
ing, there will also be tensile stresses which can be developed. 
Here, the stress condition should be checked against the 
allowable, and since, in general, the development of critical 
tensile stresses will occur when the compressive stresses 
are well within the allowable, it is likely that elastic condi- 
tions will be applicable in the compressive zone. 


The stress condition can, therefore, be checked on the basis 
of: 


pus 
Z 


P 
A 


where 


M-=applied bending moment 
P=applied axial load 
A=cross-sectional area 
Z = section modulus. 


From Table 3.1, Chapter 3, the advantage of increased sec- 
tion modulus for the diaphragm shape can be clearly seen 
along with the need for a high Z/A ratio for economic use 
of material in resisting large bending moments. 


BS 5628 provides three alternative methods of calculating 
the design moment of resistance of walls subject to axial 
and lateral loading: 


(a) treating the masonry section as an arch (clause 36.4.4), 
(b) the ‘effective eccentricity’ method (clause 36.8), 
(c) employing the formula (f,,/%,+%q)Z (clause 36.5.3). 


The authors consider the arch method as the most unreli- 
able as it is often too dependent upon variable factors of 
workmanship, which are usually outside the control of the 
designer. 


The eccentricity method is more applicable to instances of 
high axial load to bending moment ratio and is limited in its 
application of eccentricities of up to 0.3t, which is the extent 
of Table 7 in BS 5628 for the calculation of B (see Table 5.15). 


The use of the formula (f,,/Y, + &4)Z was previously lim- 
ited to the design of free-standing walls. The 1992 version 
to BS 5628, Part 1 (amended August 2002) has, in clause 36.9, 
broadened its application to include the design of propped 
cantilever walls in single-storey buildings, and some com- 
ment on its application is made in section 6.10. The authors 
continue to believe that its application is equally appropri- 
ate in other circumstances as the design examples given on 
the following pages will demonstrate. In its presented form, 
the formula considers only flexural tensile stresses whereas 
loading conditions can arise in which flexural compressive 
stresses also require consideration, but for which no guid- 
ance is given in the Code. Hence, in some of the examples 
that follow, suggested methods of dealing with the attend- 
ant flexural compressive stresses are included. 


The first problem which faces the designer is which for- 
mula/design method to apply to a particular problem. The 
answer to this can only come from the designer’s own 
familiarity with the use and limitations of each method. 
Once again, there is no substitute for experience. 


Example 2: Solid Brick Wall, 215 mm Thick 


Design the solid brick retaining wall of the coal fuel store 
shown in Figure 11.16. It can be assumed that the cover slab 
is capable of acting as a tie to resist the reaction at this point 
from the wall. The fuel store is of such a length that horizon- 
tal spanning of the wall can be ignored. 


The characteristic loadings to be used in the design will be 
taken as: 


(i) cover slab 
dead =3.60 kN/m? 
superimposed = 2.50 kN/m? 


(ii) superstructure above cover slab 
dead = 80.0 kN/m run of wall 
superimposed = 25.0 kN/m run of wall. 


For simplicity of analysis, it can be assumed that the fuel 
can be filled to the full height of the wall, and that the pres- 
sure at the base of the wall from the fuel, derived from 
Rankine’s formula, 


1-sin 9 


density i Jos kN/m?2 


1+sin0 


The loading from the structure above can be assumed to be 
applied on the centre line of the thickness of the retaining 
wall. 


The axial loading from the structure above the fuel store 
cover slab will enable the retaining wall to be designed as 
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4.0m 


rc cover slab 


retained fuel 


engineering brick course 
as dpc 


Figure 11.16 Detail of fuel store 


fixed 


— LLLLe 


2.0m 


W777, 
fixed 16.8 kKN/m? 


(a) loading diagram 


wh?/15 = 2.24 kNm 


wh?/23.3 
=1.44kNm 


wh?/10 = 3.36 kKNm 


(b) design bending moment diagram 


Figure 11.17 Loading diagram and bending moment diagram for Example 2 


fixed both top and bottom and the loading and bending 
moment diagrams are shown in Figure 11.17. 


Design pressure at base of wall = y, x 10.5 = 1.6 x 10.5 = 
16.8 kN/m? 


2 vy] 
Design BM attopofwall = WIE, 2 SORSE, 2 2.24kN m 
15 15x2 
2 2 
Design BM at 0.55h from top = OTE EE 2 1.44 kN m 
23.3 23.3x2 
2 2 
Design BM at base of wall = Ie AOE = 3.36 kN m 
10 10x2 
Characteristic vertical loads in retaining wall: 
dead loads, G,: 
superstructure over (as given) = 80.00 kN/m 
cover slab =3.6x > = 7.200kN/m 
ow (own weight) brickwork = 20 x 0.215 x 2= 8.60 kN/m 
= 95.80 kN/m 


superimposed loads Q,: 


superstructure over (as given) =25.0kN/m 


cover slab =2.5x + = 5.0kN/m 


=30.0 kN/m 


Minimum design vertical load = G, x y, = 95.8 x 0.9 
= 86.22kN/m 


Maximum design load =(G, x yp) +(Q. x ¥p) 
= (95.8 x 1.4) + (30 x 1.6) 


=182.12kN/m 


Due to high axial load to bending moment ratio, the wall 
will be designed using the effective eccentricity method 
which takes account of the flexural compressive stresses. 
The amount of axial load to bending moment will ensure 
that the full width of retaining wall is subject to compres- 
sive stresses and no tensile stresses will develop. 


Calculate eccentricity due to slenderness of wall: 
1 he, ) 
e= t] ——x|—#] -0.015 
2400 | ter 


= 215 


1 e 0.75 x 2 
2400 0.215 


2 
0.015 | = 1.135 mm 


The slenderness eccentricity diagram is shown in Figure 
11.18. This eccentricity diagram should be superimposed 
onto the eccentricity diagram resulting from the design 
bending moment diagram. 


Calculate eccentricities from design BM diagram: 


eat top of wall, max. = Mx = fet =26mm 
n 86.22 

eat0.55h level, max. =—4= ae 16.7 mm 
nN 86.22 
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ta 0.4h = 800 
t eee = 400 
eee es 
\ A 
* 0.4h = 800 
YY 


Figure 11.18 Slenderness eccentricity diagram 


é at base of wall, max. = Mx — a8 =39mm 
n, 86.22 

eat top of wall,min. =—4= Beas 12.3 mm 
n,, 182.12 

eat0.55hlevel,min. =—4= MAP m 
n,, 182.12 

e at base of wall, min. = Mk = wep =18.4mm 
My, 182.12 


Eccentricity diagrams derived from BM diagram are shown 
in Figure 11.19. 


Superimpose eccentricity diagrams as in Figure 11.20. 


26 mm 


an 


0.55h = 1.1m 


16.7 mm 


39 mm 


(a) maximum eccentricity from minimum 
design load 


Figure 11.19 Eccentricity diagrams for Example 2 


26 mm 


— 


1.4m 


16.7 + 1.35 
= 17.835 mm <— 


— 


39 mm 


(a) maximum combined eccentricity diagram 
maximum combined eccentricity 
e=39 mm=0.181t 


Now design the wall as an axially loaded wall combining 
the minimum axial load of 86.22 kN with the maximum 
eccentricity, for B calculation, of 0.181f and the maximum 
axial load of 182.12 kN with the minimum eccentricity, for B 
calculation, of 0.086t. 

Slenderness ratio for both loading conditions = a 

=7 

Consider minimum load/maximum eccentricity: 


From BS 5628, Table 7, with SR = 7 and e, = 0.181t, B = 0.7 
(see Table 5.15). 
Bef. 
Ym 
required characteristic compressive strength of masonry, 


fe 


Then, from 1, = 


min. design load x ¥,, 
Bxtx1 metre length 


i= 


_ 86.22 x 10? x 2.5 
~ 0.7215 x 1000 
= 1.43 N/mm2 


12.3 mm 


7.9mm 


— 


18.4mm 
(b) minimum eccentricity from maximum 
design load 
12.3 mm 
1.1m 
7.941.135 
= 9.035 mm 


— 


18.4 mm 


(b) minimum combined eccentricity diagram 
minimum combined eccentricity 
e= 18.4 mm = 0.086t 


Figure 11.20 Combined eccentricity diagrams for Example 2 
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2.50 m 


concrete driveway concrete path 


Figure 11.21 Typical section through boundary wall 


Now consider maximum load/minimum eccentricity: 


From BS 5628, Table 7, with SR =7 and e, = 0.086t, B = 0.897 
(see Table 5.15). 


Hence, required characteristic compressive strength of 
masonry, fi: 


max. design load x, 


i= 


Bxtx1 metre length 


_ 182.12 x 10° 2.5 
0.897 x 215 x 1000 


=2.36 N/mm? 


Select, from BS 5628, Table 2(a), for a required minimum 
characteristic strength, masonry constructed of bricks with 
a minimum crushing strength of 35 N/mm‘ set in a desig- 
nation (i) mortar (see Table 5.4). Note that this specifica- 
tion provides a characteristic compressive strength far in 
excess of that designed. However, for the practical consid- 
erations of abrasion from the fuel and durability in use, 
the specification quoted is considered to be the minimum 
acceptable. 


Example 3: Free-standing Walls 


The free-standing boundary garden wall shown in Fig- 
ure 11.21 is to be constructed in solid clay brickwork. The 
wall is of considerable length with straight movement joints 
placed at 10 m centres. Close quality control of materials 


W,, = 0.6 KN/m? 
characteristic wind load 


2.50 m 


(a) loading diagram 


and workmanship can be expected, and the client is parti- 
cularly interested to know the effect of introducing a felt dpc 
at ground level. The characteristic wind loading on the 
wall, W,, may be taken as 0.6 kN/ m* for the purpose of this 
example and density of the masonry will be assumed to be 
20 kN/m*°. 


The critical loading condition for which the wall must 
be designed is not that of axial loading but rather that of 
lateral loading due to wind pressures. The wall will act as a 
vertical cantilever and the loading and bending moment 
diagrams are shown in Figure 11.22. 


Design bending moment at base of wall: 
h2 
BM=W, x ¥; x oy 


where 


W,, = characteristic wind load 
Y; = partial safety factor for loads 
h=clear height of wall above horizontal support. 


Therefore, 


_ 0.6 1.4.x 2.57 
7 2 


BM 


=2.625kN m 
The resistance to this moment is provided by either: 


(a) the tensile resistance of the wall at its base, or 
(b) the gravitational stability of the wall where a felt dpc at 
ground level has eliminated its tensile resistance. 


Case (a) will be considered first and the client’s interest in 
the effect of introducing the felt dpc at ground level will be 
investigated afterwards. 


Case (a): Wall capable of resisting tensile stresses at ground 
level (note, this can be achieved with certain engineering 
bricks coursed in at ground level as discussed in previous 
chapters). The loading condition for this example is that of 
low axial load to comparatively high bending moment. In 
this case, there is little doubt that the formula for the design 
moment of resistance should be: 


Design MR= [4 + ss}? 
Y 


m 


(b) design bending moment diagram 


Figure 11.22. Loading diagram and bending moment diagram for Example 3 
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where 


kx = characteristic flexural tensile strength at the critical 
section 
Ym = Partial safety factor for materials 
&q = design vertical load per unit area (axial compressive 
stress) 
Z = elastic section modulus of wall. 


In this particular example, the flexural compressive stress is 
not critical and will not be checked. However, the inexperi- 
enced designer should check the compressive stresses in all 
such examples in order to establish when such checks need 
to be carried out (this will be dealt with in greater detail ina 
later example). Once again, the design process is one of trial 
and error and a section must be selected and checked for 
adequacy. 


Try 330 mm thick solid wall (fully cross-bonded) con- 
structed of bricks with a characteristic compressive strength 
of 35 N/mm? and a water absorption of greater than 12% 
set in a designation (iii) mortar. 


Then, for these materials: 
fie = 0.30 N/mm/, from BS 5628, Table 3. 
Ym = 2.5 special BS 5628 Table 4b. 


_ YX density x thickness x height 
¢ thickness 
_ 9.9x20x als 25 _ 0.045 N/mm? 
0.33 x 10 
bi? _ 1000 x 330? 
6 


Li= = 18.15 x 10° mm? 


Therefore 


Design MR= [4 + a}? 
Y 


7 gs + 0.045 | x 18.15 x 10° 
2.5 


= 2.995 kN m> 2.625 kN m 


Hence, the wall section is adequate provided the flexural 
tensile resistance required at ground level can be relied 
upon. 


Case (b): Check the effect of introducing a felt dpc at ground 
level — thus the wall should be designed as a gravity struc- 
ture. The design bending moment remains unaltered. 


Try 440 mm thick solid wall constructed of the same materials 
as for case (a). From design experience, it is known that a 
330 mm thick solid wall is theoretically inadequate although, 
in practice, many such walls are constructed but can blow 
over in exceptionally high gales. The design moment of 
resistance of the wall is derived from the gravitational stab- 
ility of its base and will be termed ‘base stability moment’. 
The calculation of the ‘base stability moment’, MR,, will be 
based upon the rectangular stress block shown in Figure 
11.23, which is derived from BS 5628, Appendix B, where: 


BM=G,x yx la 


¥y \ 


220 220 
= 


Gx ¢g 


Figure 11.23 Stress block for base stability moment 


BM = design bending moment 
G, = characteristic dead loading 
; = partial safety factor for loads 
f,, = characteristic compressive strength of masonry 
Ym = Partial safety factor for materials 
I, =lever arm 
w, = width of stressed area. 


The essence of this design approach is that the minimum 
width of wall is fully stressed to create the maximum lever 
arm about which the dead weight of the wall rotates to 
achieve the maximum gravitational stability moment, MR,, 
for the materials considered, hence: 


MR, =y,x G, x1, per m length of wall 
YX G, = 0.9 x 20 x 0.44 x 2.5 
= 19.80 kN 


In order to calculate the lever arm, the minimum width of 
stressed area, w,, must first be calculated. This is calculated 
from a simple stress equals load /area consideration, hence 
(see Figure 11.23): 


11f, YG, 
Ym Ww, 1mlength of wall 


Therefore 


a 19.8x 10° x 2.5 
Ss 1.18.5 x 1000 


=5.3mm 
Then 


1, =220- 22 
2 


= 217.35 mm 


_ 19.8 217.35 


MR, 103 


=4.304 KN m> 2.625 kN m 


Thus the specified 440 mm thick wall is adequate and it is 
likely that a lower strength of brick and/or mortar would 
be adequate if checked. 
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(a) collar jointed wall 
with lateral loading 


Figure 11.24 Behaviour of collar jointed walls 


Example 4: Collar-jointed Walls 


Another free-standing garden wall is to be designed, sim- 
ilar to that of the previous example, but reduced in height 
to 1.5 m. The client requires that both faces of the wall 
should be constructed in stretcher bond. The wall will be 
designed both with and without ties connecting the two 
stretcher bond leaves together to investigate the effect of 
their inclusion. 


As for the previous example, the wall will act as a vertical 
cantilever and the design bending moment is 


he 5? 
BM=W,x¥;X = =0.6x14x 2 Meanie 


The Code definition of a collar-jointed wall is: ‘two parallel 
single-leaf walls, with a space between not exceeding 25 
mm, filled solidly with mortar and so tied together as to 
result in common action under load’. To ensure common 
action under load for a collar-jointed wall with lateral load- 
ing, the ties need to be designed to resist the shear force 
between the two leaves which is tending to cause ‘slip’ 
between these faces, as shown in Figure 11.24. 


It will be assumed that the wall is capable of resisting flexu- 
ral tensile stresses for its full height (i.e. no felt dpc) hence: 


fx = 0.3 N/mm? (BS 5628, Table 3). 
Ym = 2-0 special (BS 5628 Table 4b). 


_ %X density x thickness x height 
a thickness 


_ 0.9 20x 0.215 x 1.5 


= 2 
0.215 x 1x 103 eens 


2 2 3 
Z = section modulus 4) = 215* x 10” 
6 6 


=7.704 x 10° mm? 


Therefore 


Design MR = [s2 + oan x 7.704 x 10° 


= 1.132 kN m>0.945 kN m 


Thus the 215 mm thick wall specified is adequate pro- 
vided adequate ties are included to ensure full interaction 


(b) bending action with inadequate 
or no ties across slip face 


yyy vey 


(c) bending action with adequate 
shear ties across slip face 


slip face 


Figure 11.25 Plan on metre length of wall 


between the two leaves — which is what the design will now 
proceed to check. 


Figure 11.25 shows a plan on a metre length of the wall 
showing the neutral axis (N/A) coinciding with the slip 
face of the wall section. 


Shear stress, for which the ties must be designed, occurs on 
the slip face between the two leaves which is the neutral 
axis of the full 215 mm thick section, and the means by 
which shear stress resistance is provided is discussed in 
section 6.10.1. Shear stress, v,,, is given by the equation: 


VAG 
On = te. 


where 


V = horizontal shear force at point of maximum rate of 
change in BM 
A =area of shaded portion 
¥ = distance from N/A to centroid of shaded area 
I=moment of inertia of section 
b=1 metre length of wall 
NA = neutral axis of full 215 mm thick wall section. 


For this example: 
V=W,xy,Xh=0.6 x 1.4x1.5=1.26 kN 
A=1000 x 215 x 0.5= 107.5 x 10° mm? 


21 
y= = = 53.75 mm 


3 3 
po PE = 1000X215" _ 9 598% 109 mm! 
12 12 


Therefore, design shear stress: 


VAy 
np 


_ 1.26«10* x 107.5 10° x 53.75 
0.828 x 10° x 1000 


= 0.0088 N/mm?= 8.8 kN/m? 
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This shear stress is to be resisted by flat metal shear ties of 
3 mm x 20 mm cross-section built into the bed joints, and 
their vertical spacing is derived from the formula given in 
the Code and in section 6.10.1 as: 


_ 12t,,sv 


0.87f, 


ru 


where 


r= width of connector 

u= thickness of connector 
t= width of masonry section in vertical shear 

s= spacing of connectors 

v= design vertical shear stress on masonry section 
iy = characteristic tensile strength of connector. 


which can be rearranged as: 


_ ruf, 


13.840 
hence 


= 20 x3 x 250 
13.8 x 1000 x 8.8 x 10% 


= 124 mm vertical spacing of ties per m length 
Use 8 ties per square metre of wall area. 


The authors are unaware of the derivation of this formula 
from the Code and are concerned that, at first sight, the 
properties of the metal tie appear to be the limiting factor in 
the design, whereas local crushing of the mortar into which 
the ties are bedded is likely to occur long before failure 
of the steel. It appears that this may be the purpose of the 
factor of 12 in the above equation, but the magnitude of 
this factor would depend upon whether the tie was laid 
flat (with the 20 mm width in bearing) or vertically (with 
the 3 mm width in bearing). In the absence of other infor- 
mation, the authors consider that the formula should be 
applied only in situations where the ties are bedded flat. 


Now consider the same wall constructed in two stretcher 
bond leaves, but without any ties connecting them together. 
The design will, therefore, be based upon each leaf act- 
ing independently. The design BM remains as before as 
0.945 kN m. 


Design MR =2 leaves x [fs + 22 
Y 


where 
2 2 
Z per leaf = bt” | _ 2000 x 102.5° _ 1.751 x 10° mm? 
6 6 
Therefore 
F 0.3 é 
Design MR =2] — + 0.027 |x 1.751 x 10 
Ym 
=0.515kN m<0.945 kN m 


This is less than the design bending moment of 0.945 kN m 
and the section will crack. The wall should now be checked 
as a cracked section using a rectangular stress block to cal- 


My/ ‘Ym 


Gx % a 


Figure 11.26 Stress block per leaf for base stability 
moment 


culate the stability moment of resistance, as demonstrated 
in an earlier example (see Figure 11.23). 


The stability moment stress block for this example is shown 
in Figure 11.26, in which the total design bending moment 
is shared equally between the two leaves, where: 


My = = =0.4725 kN m 


2 


G, x y,= density x thickness x height x y, 
= 20 x 0.1025 x 1.5 x 0.9 
= 2.767 kN/m per leaf 


Thus, as demonstrated in an earlier example: 


load 
stress = 
area 


1.1f, _ G. xX V5 
Ym  W, X 1m length of wall 


Therefore 


GX VX Yon 


3 = 1. 1f, x 1 m length of wall 


Ss 


_ 2.767 x 103 x 2.5 
1.18.5 x 1000 


=0.74mm 


Then, lever arm: 


_ wallthickness  w, 


I, 
2 A 


_ 102.5 0.74 


2 2 
= 50.88 mm 
and stability moment: 
MR, =G,.x¥;X1, 
_ 2.767 X 50.88 
10° 
=0.141 KN m<0.4725 kN m 


The two leaves act simultaneously and the total stability 
moment is therefore twice that calculated above = 0.141 x 
2 = 0.282 kN m. The method of construction is therefore 
unsuitable for the design condition, which demonstrates 
that it is good practice to include wall ties to make the 
masonry more structurally efficient. 
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Figure 11.27 Section through balustrade wall 


Example 5: Solid Concrete Block Walls 


A viewing gallery to a sports centre is to have a 200 mm thick 
balustrade wall constructed in solid concrete blockwork. 
The designer is required to check whether the wall is stable 
or whether any additional supports are required. A section 
through the wall is shown in Figure 11.27. It consists of 
200 mm thick concrete blockwork constructed with blocks 
of 7.0 N/mm? crushing strength (no void solid blocks) 
set in designation (iii) mortar. The blocks in this case are 
assumed to be category 1 units to BS EN 771, Part 3 but with 
sufficient voids to keep the units to a weight less than 20 kg, 
for manhandling requirements. The voids are to be filled 
with concrete with a compressive strength exceeding that 
of the block. 


Characteristic superimposed line load at top of wall, 
Q,.=0.74kN/m (BS 6399, Part 1) 


Design superimposed loading = Q, x ¥; 
=0.74 x 1.6 =1.184 kKN/m 


Design bending moment = 1.184 x 1 = 1.184 kN m (based on 
cantilever action of wall) 


4.0m 


Characteristic dead loading, G,, = density x height x area 
=15x1x0.2=3.0kN/m 


Minimum design dead loading = G, x y, 
=3.0x0.9=2.7kN/m 


Design moment of resistance = [fe +g | ZL 
where 
floc = 0.25 N/mm? (BS 5628, Table 3) 
Ym= 2.5 special 


_GXy 2.7 
area 0.2 x 10° 


8a 


= 0.0135 N/mm? 


_ 2007 x 1000 


Zi = 6.67 x 10° mm? 


Therefore 


Design MR = (528 + 00135) x 6.67 X 10°=0.76 kN m 


This is inadequate because the design bending moment has 
been calculated as 1.184 kN/m. Therefore, stiffening piers, 
post-tensioning or some other form of additional support is 
required. The two possibilities mentioned, stiffening piers 
and post-tensioning, are dealt with later. The use of hollow 
blocks supported on a reinforced concrete beam makes 
reinforced masonry an option (see Chapter 15). 


Example 6: External Cavity Wall 


A three-storey single occupancy house is shown in Fig- 
ure 11.28. The gable wall is to be designed for the loadings 
given, assuming that the wall is constructed with both 
leaves in brickwork. 


rc roof and 
floor slabs 


2.6m 
characteristic = loadbearing 
wind load span of floors crosswall yo 
= 0.8 kN/m2 and roof 
2.6m 
corridor walls 
L a ground floor 3.0m 


glazing 


slab tied to 
inner leaf of 
gable wall 


dpc 


plan 


Figure 11.28 Dimensions for Example 6 


ground floor 


section 
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Characteristic wind loading =0.8kN/m? 
Roof, characteristicdeadload =6.5kN/m? 
Roof, characteristic super load =0.75 kKN/m? 
Floors, characteristic dead load =5.0 kN/m? 
Floors, characteristic super load = 1.5 kN/m? 


Density of masonry =20kN/m? 


Since this is single occupancy with less than five storeys, 
the structure is class 1 in accordance with Part A3 of The 
Building Regulations and will not need horizontal ties, etc. 
The ground floor slab is tied to, but not supported on, the 
inner leaf of the gable wall to be designed. 


Design wall in lowest storey: 


Characteristic dead loads, G,, (inner leaf only): 


roof =65x5 = 13.00 kN/m 


2 floors =2x50x> = 20.00 kN/m 


ow wall =0.1025 x 20 x 8.2= 16.80 kN/m 


=49.80kN/m 


Characteristic superimposed loads, Q,, (inner leaf only): 


roof =0.75~x > =1.50kN/m 


2 floors =2% 1.5% + =6.00 kN/m 


=7.50kN/m 
Characteristic dead load, G,, (outer leaf only): 
ow wall =0.1025 x 20 x 8.2= 16.80 kN/m 
Minimum design load (inner leaf): 
x G, = 0.9 x 49.80 = 44.80 kKN/m 
Minimum design load (outer leaf ): 


YX G, = 0.9 x 16.8 = 15.12 KN/m 


Maximum design load (inner leaf ): 


(¥;,x Gi) + (yx Q)) = (1.4 x 49.8) + (1.6 x 7.5) 
=81.72kN/m 


LLELLLS Damir ae 


design wind 
load 1.12 kN/m? 


VT/TT7s 


(a) design loading diagram 


3.0m 


Design wind loading: 
y,x W,=1.4x0.8= 1.12 kN/m?2 


Note: The effect of wind uplift on the roof must be taken into 
account when calculating the minimum design load on the 
wall. In order to assess the moments due to wind loading in 
the lowest storey of wall, the end support conditions must 
be considered. 


The rc floor slab built in at first floor level in conjunction 
with the wall panel extending into the second storey above 
can be considered to constitute a fully fixed or continuous 
support condition. The lower storey height of wall extends 
down below the ground floor slab to the foundation. The 
ground floor slab, as well as the ground beneath it, will pre- 
vent inward movement of the wall. However, the earth fill 
against the wall externally (filling the foundation excava- 
tion) will not necessarily be adequately compacted and is 
considered unreliable as a support to prevent outward 
movement of the wall. If the span of the lower storey height 
of the wall is taken as between ground and first floor slabs, 
it will be necessary to introduce ties built into the bed 
courses and concreted into the ground floor slab. The ties 
should be capable of resisting the reaction at this point due 
to wind suction forces on the wall panel. Having provided 
ties at ground slab level and built in the slab at first floor 
level, it is considered reasonable to treat both supports as 
continuous, and the bending moment diagram is as shown 
in Figure 11.29. 


Three critical sections require investigation: 


(a) at the bottom of the wall panel where the inclusion of 
the dpc requires the section to be checked as a ‘cracked 
section’ where the moment of resistance is provided by 
the stability moment, 

(b) at mid-height of the wall panel where the flexural 
tensile and compressive stresses as well as the axial 
compressive stresses should be checked, 

(c) at the top of the wall panel where the dpc above 
the level considered again requires the section to be 
checked as a ‘cracked section’. However, the moment of 
resistance at the upper support will be less than at the 


2 sox? 
Wie = ee ERIN 1st floor level 


wh?/24 = 0.42 kNm 


ground floor level 


wh?/12 = 0.84 kNm 
(b) design bending moment diagram 


Figure 11.29 Loading diagram and bending moment diagram for Example 6 
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lower support, due to the reduced dead load available 
and, therefore, as the applied bending moment at these 
two levels is the same, only the upper support position 
needs to be checked for flexural tensile stresses. 


The design resistance moment at mid-height of the wall 
panel will be calculated from the formula: 


Design MR= as + «2 


m 


rather than from the effective eccentricity. This is because 
the effective eccentricity method is considered more appro- 
priate for solid, bonded walls where the effective thick- 
ness of the wall, for calculating the slenderness ratio, is the 
actual thickness. In cavity wall construction, the effective 
thickness of the wall is two-thirds the sum of the thickness 
of the two leaves. For this reason, the authors consider the 
formula (f,,./Y+%q)Z 4 more realistic analysis of resistance 
moment, provided consideration is given to the flexural 
compressive stresses as well as the flexural tensile stresses, 
under design loading. The formula (f,,./Y,, + 24)Z is based 
purely on flexural tensile resistance and a suggested 
method is given later in this example for considering the 
flexural compressive stresses. 


The specification for the bricks and mortar for the two 
leaves is given as: 


Outer leaf: Facing bricks with a water absorption between 
7% and 12% and a crushing strength of 35 N/ mm’ set ina 
designation (iii) mortar. 


Inner leaf: Commons with a water absorption in excess of 
12% and a crushing strength of 20 N/ mm’ set ina designa- 
tion (iii) mortar. 


Check resistance moment at mid-height of wall panel: 


Resistance moment (per leaf) = (fa + ss}? 
Y 


total MR = MR outer leaf + MR inner leaf 
Outer leaf: 
fe =0-4N/mm? (BS 5628, Table 3) 
Ym = 2-5 special 


15.12 x 10° 


= = 0.147 N/mm? 
84 ~ 97005 x 108 / 


_ 1x 0.10252 


Z = 1.751 x 10° mm? 


Inner leaf: 
fi =0.3N/mm? (BS 5628, Table 3) 
Ym = 2-5 special 


44.8 x 108 


a eae _ yer ae 
Sa = 798 0.1025 pote 


_ 1x 0.1025" 


Z = 1.751 x 10° mm? 


Total MR: 


7 ue + 0.147 | x 1.751 x 10° 
2.5 


+ [22 + 0437 x 1.751 x | x 10-6 


= (0.537 + 0.975) x 10-6 
=1512kNm 


This section is adequate as the resistance is greater than the 
applied bending moment of 0.42 kNm. 


It should be noted that the total resistance moment has been 
calculated by adding the resistance moments of the indi- 
vidual leaves of the cavity wall. BS 55628 permits this if 
wall ties which are capable of transferring the wind forces 
across the cavity are provided. Now check the ‘cracked sec- 
tion’ resistance moment at the upper support position. 


The minimum dead loads in each leaf at this level must first 
be calculated as follows: 


Characteristic dead loads, G,, (inner leaf ): 


roof =65x > = 13.00 kN/m 


floor =5.0x = = 10.00 kN/m 


ow wall =0.1025 x 20 x 5.2 = 10.66 kKN/m 
= 33.66 kN/m 


Characteristic dead load, G,, (outer leaf ): 


ow wall =0.1025 x 20 x 5.2 = 10.66 kN/m 
Minimum design load (inner leaf): 
¥;,x G, = 0.9 x 33.66 = 30.29 KN/m 
Minimum design load (outer leaf): 
1; G, =0.9 x 10.66 = 9.59 KN/m 


The design moment of resistance is now calculated from 
the stability moments produced by these calculated min- 
imum dead loads. The stress block producing the resistance 
moment for each leaf is identical to that shown in Figure 
11.26, hence: 


1.1f, _ min. design load 


Yon w,x1mlength 
therefore 


Ym X min. design load 


W.= 
1.1f, x 1m length 


Outer leaf: 


_— 2.5 x 9.59 x 108 
Ss 1.1x8.5 x 1000 
wallthickness w 


and l= . 


= 102.5 — 2.56 =49.97 mm 
2 2 
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Then design resistance moment for outer leaf 


= eer x9.59=0.479 kN m 
10° 
Inner leaf: 
3 
‘ee 2.5 X 30.29 X 10° _ 11.87mm 
1.1 x 5.8 x 1000 
and = = - — =45.32 mm 


Then design moment of resistance for inner leaf 


_ 45.32 


13 x 30.29 


=1373kNm 


Total MR = MR outer leaf + MR inner leaf 
= 0.479 + 1.373 
= 1.852 kN m 


The section is adequate as the resistance moment is greater 
than the applied bending moment of 0.84 kN m. 


As described earlier, there is no need to calculate the re- 
sistance moment at the lower support as this will be larger 
than the 1.852 kN m calculated above, due to the additional 
dead loading. However, the flexural compressive stresses 
at this lower level may require investigation. 


The maximum axial design loading for this storey height 
of wall should now be calculated in accordance with the 
methods described in Chapter 10. The flexural compressive 
stresses should be calculated under dead plus superim- 
posed plus wind loading conditions. The following design 
method is considered a reasonable approach — although 
this aspect is not covered in detail in BS 5628. 


Figure 11.30 shows the stress block across a wall subject to 
pure axial loading and with no eccentricity of that load. The 
maximum compressive stress allowable in the wall section 
is limited by the walls tendency to buckle, hence the inclu- 
sion of the capacity reduction factor, B. 


Figure 11.31 shows the stress block across a wall subject to 
purely flexural loading conditions. 


(a) loading 


(b) stress block 


Figure 11.30 Stress block under axial loading 


BM 
——. 


(a) loading 


t fom 
—--¥.—. flexural tensile 


flexural compressive 
(b) stress block 


Figure 11.31 Stress block under flexural loading 


Two limiting conditions can be said to apply to the maxi- 
mum allowable stresses which are given as f,,,/,, for flexural 
tensile stresses and 1.1f,,/7,, for flexural compressive stresses, 
the latter having been adopted in Appendix B to BS 5628 for 
the derivation of 8. The flexural tensile stresses will invari- 
ably be the limiting factor under such a loading condition. 
However, if the axial compressive stresses already in the 
wall are added to the flexural compressive stresses, this 
may produce a more critical design condition. Considera- 
tion must be given to the need for limiting the flexural com- 
pressive stresses due to the possibility of buckling of the 
section under the application of such stress. Buckling of a 
section, due to flexural compressive stresses, will occur per- 
pendicular to the direction of application of the bending. 
Two common sections are shown in Figure 11.32. 


Clearly, the shear wall section shown in Figure 11.32(b) is 
the more critical with respect to buckling due to flexural 
compressive stresses, although there is no guidance given 
in BS 5628 on a design method to take account of such a 
buckling tendency. The authors consider that the following 
design method provides a safe and practical solution: 


(a) In the first instance, the wall should be checked for 
maximum axial loading only, using the design prin- 
ciples explained in Chapters 5 and 10. The capacity 
reduction factor, B, applicable to this stage of the 
design, should be derived from the maximum slender- 
ness ratio. The maximum allowable stress under this 
loading condition is Bf, /Y,; 

(b) The additional compressive stress resulting from the 
bending due to lateral loading is then considered, 
and the maximum allowable combined compressive 
stress is 1.1f, x B/6,,, in which a 10% increase has been 
applied to the flexural aspect of the stress in a similar 
manner to Appendix B of BS 5628. The capacity reduc- 
tion factor, B, should be derived from the slenderness 
ratio which incorporates the effective thickness appro- 
priate to the direction of buckling tendency (i.e. perpen- 
dicular to the direction of application of the bending), 
as shown in Figure 11.32. 


The stress blocks relevant to the two stages of the design are 
shown in Figure 11.33. 
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applied moment 


I 
direction of buckling of | tet 
area of section subject 
to flexural compressive 
stresses 


(a) bending about weaker axis of wall 


applied moment 


eI N a 


direction of Le 


flexural compressive 
stress 


| flexural tensile 
| stress 


ter = effective thickness of 
section resisting tendency to 
buckle under flexural 
compressive stresses 


[axial compressive stresses 


buckling j I 
| 
| 


flexural 

tensile 
flexural compressive | stress 
stress \ 


| 
axis of 
bending 


are omitted for clarity in this 
figure] 


(b) bending about major wall axis 


(as in shear walls) 


Figure 11.32 Bending about major and minor axes 


— SN 


Zz 


(b) stress block under 


axial load plus 
bending moment 

(a) loading 
axial loading 


1.1 Bm 


(c) stress block under 
combined axial and 
lateral loading 


Figure 11.33 Combined axial load and bending moment diagrams 


Now check the upper storey wall panel for the same gable 
wall. First, consider the likely action of this wall panel and 
the moments for which it must be designed. 


At second floor level, continuity will exist to some extent 
as was demonstrated for the lower wall panel. At roof level, 
however, the amount of continuity is contentious. While 
the inner leaf will derive some continuity from the dead 
loading from the roof slab, the outer leaf has no continuity 
and, for simplicity, this support will be treated as pin- 
jointed. The upper wall panel will therefore act as a pro- 
pped cantilever, and the two critical sections will occur at 
second floor level and 3/8 down from roof level where the 
maximum wall moment occurs for a propped cantilever. 


The minimum design loads must be calculated at the two 
critical levels. 


At second floor level: 


Characteristic dead loads, G,, (inner leaf only): 


roof =65x > = 13.00 kN/m 
ow wall=0.1025 x 20x2.6= 5.33kN/m 


= 18.33 kN/m 


Characteristic dead loads, G,, (outer leaf only): 


ow wall =0.1025 x 20 x 2.6 =5.33 kN/m 
3 
At ma down from roof: 


Characteristic dead loads, G,, (inner leaf only): 


roof =65x > = 13.00 kN/m 
ow wall=btomeagn oO" 2 o0 cb EN am 
= 15.00 kN/m 


Characteristic dead load, G,, (outer leaf only): 


2.63 


ow wall = 0.1025 x 20 x = 2.00 kN/m 


Minimum design loads: 


inner leaf: 2nd floor = 0.9 x 18.33 = 16.50 kN/m 


=h level =0.9 x 15.00=13.50 kN/m 
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prop or tie 
— 
design wind 
load 1.12 kN/m? 
= 
= 


(a) loading diagram 


roof level 


<— 9wh?/128 = 0.532 kNm 


(b) design bending moment diagram 


Figure 11.34 Loading diagram and bending moment diagram for example 2 


outer leaf: 2nd floor = 0.95.33 =4.8kN/m 


=n level =0.9x2.0 =1.8kN/m 
The loading conditions and design bending moment dia- 
gram are shown in Figure 11.34. The design wind load 


remains the same as for the lower wall panel. 


The moment of resistance at second floor level should be 
designed as a ‘cracked section’ due to the inclusion of the 
dpc and, once again, the stress block producing the resis- 
tance moment for each leaf is identical to that shown in 
Figure 11.26, hence: 


Bx1.1f, _ min. design load 


but B = 1.0 
Yon w,x1mlength a 


therefore 


w = im™ min. design load 
. 1.1f, x 1m length 


Outer leaf: 


_ 2.5x4.8x10° 


W, =1.28mm 
1.1 x 8.5 x 1000 


_ wallthickness — w, 


and Le 
2 2: 


= 102.5 1.28 =50.60mm 
2 2 


Then design moment (for outer leaf only) = 4.8 x 0.0506 = 
0.243 kN m. 


Inner leaf: 
2.5 x 16.5 x 10° 
W.= =6.5mm 
1.15.8 x 1000 
and pol 8 catia 
2 2 


Then design moment of resistance (for inner leaf only) = 
16.5 x 0.048 = 0.792 kN m. 


Total MR = MR outer leaf + MR inner leaf = 0.243 + 0.792 = 
1.035 kN m. 


This section is adequate as the resistance moment is greater 
than the applied bending moment of 0.946 kN m. 


Now check the resistance moment at the position of maxi- 
mum design moment in the wall height (i.e. (3/8)h from the 
top of the wall) again using the formula: 


MR= [fs + uf? 
Ym 


Total MR = MR outer leaf + MR inner leaf 


Outer leaf: 
f= 0.4N/mm? (BS 5628, Table 3) 
Ym = 2-5 special 
1.8 
= =0.017 N/mm2 
8a~ 91025 A 
3 2 
go UNS 2175 x idm! 
Inner leaf: 
fe =0.3N/mm? (BS 5628, Table 3) 
Ym = 2-5 special 
13.50 
= ——— =0.132 N/mm? 
84> 9.1025 : 
3 2 
fal ES si wane 
Then, total MR: 


= a + 0.017 |x 1.751 x 10° 
2.5 


+ Z + oan x 1.751 x 10° 


=0.314+0.44=0.75 kN m 


This section is adequate as the resistance moment is greater 
than the applied bending moment of 0.532 kN m. The 
compressive stresses should be checked using the method 
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1.058 kN 
<4 
zero 
0.95 m shear 
My = 0.5 kNm 


design wind load = 
1.12 kN/m? 


Y 
MR, = 1.035 kNm 


Figure 11.35 Forces for checking section as cracked 


suggested earlier but, by inspection, these will also be 
acceptable. 


Now check that the wall complies with clause 36.9.1(b) of 
the Code in which the base moment is permitted to exceed 
wh?/8 but, at the level of M,,, must be checked as a ‘cracked 
section’ (see Figure 11.35). 


Prop force = (1.12 x 2.6 x 0.5) — (2) = 1.058 kN 


Zero shear = ~ = 0.95 m from top of wall 


0.957 


Therefore, M,, = 1.058 x 0.95 — 1.12 x =0.50kN m 


Now calculate the minimum design load at level of M,, 
characteristic dead loads: 


Inner leaf only = 13.0 + (0.1025 x 20 x 0.95) = 14.95 kN/m 
Outer leaf only = 0.1025 x 20 x 0.95 = 1.95 kN/m 


and check this level acting as a ‘cracked section’. 


Inner leaf only: 
3 
ne 2.5 x 14.95 x 10 a 
1.1 x 5.8 x 1000 
Le 102.5 7 5.86 = 48.32 mm 
2 2 


Therefore design moment for resistance (for inner leaf only) 


= 14.95 x 0.048 32 = 0.722 KN m 


Outer leaf only: 
3 
w,= 2.5 x 1.95 x 10 =052mm 
1.1 x 8.5 x 1000 
fe 102.5 _ 0.52 =50.99 mm 
Zz 2 


Therefore design moment for resistance (for outer leaf only) 
= 1.95 x 0.050 99 =0.099 kN m 
total design moment of resistance (both leaves) 


= 0.722 + 0.099 =0.82 KN m 


which exceeds the applied M,, of 0.5 KN m and hence the 
wall section is adequate. It was possible to demonstrate 
compliance with clause 36.9.1(b) of the Code only because 
of the significant contribution to the design moment of 
resistance which is provided by the dead load from the flat 
concrete roof. Where lighter-weight roofs are encountered, 
the design would fail to comply with clause 36.9.1(b) as will 
be shown in Example 10 later in this chapter. 


Example 7: Double-leaf Cavity Panel Wall 


It is proposed to construct a steel framed industrial build- 
ing with brick cladding panels up to a height of 4.0 m above 
ground level. The steel stanchions are to be spaced at 5.0 m 
centres and the steel frame has been designed to resist 
all the wind loading from the cladding and wall panels. 
Check the wall panels, under the characteristic wind load 
of 1.05 kN/m%, for the masonry specification given below. 
A felt dpc is to be included at the base of the wall and the 
construction details of a typical wall panel are shown in 
Figure 11.36, y,, can be taken as 2.5 for special control. 


Masonry specification: 


Inner leaf: Solid concrete blocks with a crushing strength of 
7 N/mm’ set ina designation (iii) mortar, overall density = 
15 kN/m‘*. 


Outer leaf: Facing bricks with a crushing strength of 27.5 
N/mm? and a water absorption of 9% set in a designation 
(iii) mortar, overall density = 20 kN/m‘. 


The design bending moment coefficients given in BS 5628, 
Table 9, will be used for this example to demonstrate their 
use (see Table 6.4). These coefficients are applicable only 
within certain dimensional proportions of the panel and 
this is the first check to be carried out. 


Limiting dimensions in accordance with BS 5628, clause 
36.3(b) (2): 


height x length = 4000 x 5000 = 20 x 10° 


2 
2025 x #2, = 2025 +|2am i 125) =36.9 x 10° 


Therefore, height x length is less than 2025 t2 , Which com- 
plies with the requirements of Table 9. 


Also check, 
2 
50 x t¢=50 x 2 (100 + 125) = 6750 


Maximum dimension of panel is 5000 which is less than 
50 xX t,,as also required for Table 9. The design can therefore 
be based on the bending moment coefficients from Table 9. 


Table 9 incorporates twelve different combinations of sup- 
port conditions and, in order to decide which case is applic- 
able, an assessment of the support condition at each edge 
of the panel to be designed must be made. The coefficients 
given in BS 5628, Table 9 were derived from experimental 
research using test panels, and this must be given due con- 
sideration when assessing the applicable support conditions. 
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¢ stanchion 


stanchions at 5.0 m centres 


| RSC cladding 


| rail Al 
double leaf cavity 
taliat wall pariel 
stanchion 


C foundation 


(a) elevation of wall panel 


; . . ¢ stanchion 

inner leaf tied to stanchion — | 

with steel flats welded to | 

stanchion and built into 

padipiate + clay brick 
+ cavity 


concrete block 


vertical twist 


wall ties 


(b) section A-A 


Figure 11.36 Dimensions and details for example 7 


Certainly, the connection of the wall panel to the stan- 
chions, as detailed in Figure 11.35(b), can be taken to 
provide continuity at these vertical edges. However, the 
connection to the cladding rail at the top of the panel cannot 
be regarded as anything more than a simple support, unless 
the member offering support is capable of withstanding the 
torsional stresses which would result from a ‘fixed-end’ 
condition. 


The condition at the base of the wall panel is somewhat 
more contentious. While even with the inclusion of the dpc, 
the ‘cracked section’ at this point can certainly develop 
some degree of resistance moment (as has been previously 
demonstrated) it is considered inadvisable to treat this sup- 
port as continuous. This is because the coefficients were 
derived from loading test panels and such tests would nat- 
urally include the benefit of the inherent resistance moment 
at the base of the wall panel. It would be virtually impossi- 
ble to simulate a true simple support at this position for test 
loading purposes and the expression ‘simply supported 
edge’ given in Table 9 should be taken to include the effect 
of the resistance moment when applied to the base of this 
wall panel. The edge support conditions are therefore 


¢ stanchion 


4.0m 


LLL 


steel flats 
tying inner metal cladding 
leaf to rail 


bye above wall panel 
| 


vertical twist 
wall ties 


concrete clay 
block brick 


(c) section B-B 


vertical twist 
wall ties 


raft foundation felt dpc 


polythene 
dpc 


(d) section C-C 


indicated in Figure 11.37 as well as the bending moment 
locations. 


The wall panel is constructed of a concrete block inner leaf 
and a clay brick outer leaf which have differing orthogonal 
ratios (see Chapter 6). As such, the design wind load will be 
shared between the two leaves in the proportions of their 
design moments of resistance. 


Inner leaf: 


design MR= vive Z 


paay 


where 


fix =0.60N/mm? (BS 5628, Table 3) 
Ym = 2.5 special 


1x0.1? 


Z= = 1.67 x 10° mm? 


Therefore 


design MR = = x 1.67 x 10° = 0.4008 kN m 


simply supported edge 


an edge over which full 
continuity exists 


Design wind load = y; x Wx 
=1.2x 1.05 
= 1.26 kN/m? 


Figure 11.37 Edge support conditions (case G from Table 9, BS 5628) 
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Outer leaf: 


Design MR = Sox Z 


m 


where 


fe=1-10N/mm? (BS 5628, Table 3) 
Ym= 2.5 special 


2. 
ge reel ne 


Therefore 
: (il 6 
Design MR= 35 x 1.751 x 10 


=0.7704kN m 
Therefore, the design wind load will be shared in the ratio: 


0.4008 


—______—__ = 34% to inner leaf 
0.4008 + 0.7704 


0.7704 


—___—_ =66% to outer leaf 
0.4008 + 0.7704 


Hence: 


inner leaf design wind load = 0.34 x 1.26 = 0.428 kN/ m2 
outer leaf design wind load = 0.66 x 1.26 = 0.832 kN/m? 


From BS 5628, clause 36.4.2: 
Applied design horizontal bending moment = ax W, xy, L? 
where 


L=length of panel between stanchion supports 
W,.¥%= proportion of design wind load 
oa =bending moment coefficient from BS 5628, Table 9, 
case G (see Table 6.4) (dependent upon the ratio 
height : length (1/1) = 4000/5000 = 0.8 for this 


example). 
design dead load x y,,, 
fxs par + 
area 
Orthogonal ratio, 1 = 
f kx/perp 


in which the flexural strength in the parallel direction has 
been increased to allow for the stress due to the minimum 
design vertical load, as provided for in BS 5628, clause 
36.4.2. 


Now consider the outer leaf only: 


x 2.5 
0.1025 x 1.0 x 10° | 
al =0.445 


Therefore, from BS 5628, Table 9 (G) (see Table 6.4) by 
interpolation for 4 = 0.445 and h/I = 0.8, BM coefficient 
a= 0.032. 


20 x 0.1025 x 0.9 x 2.0 x 10° 
0.4 + 


w= 


Now consider the inner leaf only: 


15 x 0.1 x 0.9 x 2.0 x 10° 
0.1 x 1.0 x 10° 
0.6 


0.25 + | 


x 25 
= =0.53 


Therefore, from BS 5628, Table 9 (G) (see Table 6.4) by inter- 
polation for 1. = 0.53 and h/1=0.8, BM coefficient o = 0.0306. 


Design bending moments, as located in Figure 11.36: 
Continuity moment at stanchion support 
M,=axW,xy,xL? 
M, outer leaf = 0.032 x 0.832 x 5? 
= 0.665 kNm 


M, inner leaf = 0.0306 x 0.428 x 5? 
=0.327 kN m 


Moment at mid-span in horizontal plane 
M,=M, 
Moment at approximate mid-height in vertical plane 
M,=uxax W, xy, L? 
M, outer leaf = 0.445 x 0.032 x 0.832 x 5? 
=0.296 kN m 


M, inner leaf = 0.53 x 0.0306 x 0.428 x 5? 
=0.173 kN m 


Compare applied design moments with design moments of 
resistance at positions of M, and M, (negative and positive 
moments in horizontal span): 


fi x. it 
Inner leaf design MR= ey Z 


m 


_ 0.6.x 1.67 x 10° 
~ 2.5 


=0.4kNm 


The section is adequate as the design MR is greater than the 
applied BM of 0.327 kN m. 


1.1 x 1.751 x 10° 
2.5 


=0.77kN m 


Outer leaf design MR = 


The section is adequate as the design MR is greater than 
the applied BM of 0.665 kN m. At position of M, (positive 
moment in vertical span) 


Inner leaf design MR = oa + s Z 
Y 


m 


_ (0.25 : 15 x 0.1 x 0.9 x 2.0 x 103 
2.5 0.1 x 1.0 x 10° 
x 1.67 x 10° 
=0.212kN m 


The section is adequate as the design MR is greater than the 
applied BM of 0.173 kN m. 


j + 
designMR | 95 0.1025 x 1.0 x 106 
x 1.751 x 10° 
=0.343kN m 


Outer leaf _ [os 20 x 0.1025 x 0.9 x 2.0 x <| 


The section is adequate as the design MR is greater than the 
applied BM of 0.296 kN m. 
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6 m centres 
¢ | 
| glazed elevation | 


—T 


span of roof 
and floor 


200 mm thick solid 
concrete block 
crosswalls 


plan 


11.4m 


section 


Figure 11.38 Loading diagram and bending moment diagram for Example 8 


The wall section has been checked at all critical locations of 
applied BM and found to be adequate for the specification 
and connection details given. 


Example 8: Solid Concrete Block Crosswall Acting as Shear Wall 


Design the crosswall for the four-storey flats complex 
shown in Figure 11.38. The crosswalls are to be constructed 
in solid concrete blockwork and, acting as shear walls, they 
provide the sole resistance to wind forces on the glazed ele- 
vation. The floor-to-floor height is 2.70 m and the cross- 
walls are at 6.0 m centres. The following characteristic loads 
are to be assumed: 


own weight of masonry =3.0 kN/m? 
roof — dead load =6.5kN/m? 
— superimposed load =15kN/m 
floors — dead load =5.0kN/m? 
—superimposed load = =1.5kN/m? 

2 


wind load on glazed elevation = 0.8 kN/m 


Shear walls are described in more detail in Chapter 14 
which deals with multi-storey structures. Briefly, shear 
walls, such as those shown in Figure 11.38, act about their 
major axes and span as vertical cantilevers to provide sta- 
bility to the structure by resisting the wind forces on the 
building elevation. 


> 


> 
design wind —> 
loading = 
6.72kN/m —> 

—>| 


> 


(a) loading diagram 


Figure 11.39 


2.50 m 


On the glazed elevation 


Design wind loading = W,, x ¥; 
=0.8x1.4=1.12 kN/m? 


Each shear wall resists wind loading from 6.0 m of glazed 
elevation, thus: 


Design wind load per shear wall = 1.12 x 6 
=6.72kN/m 


The shear wall acts as a vertical cantilever and the design 
bending moment at the base of the wall is 


_ Wx%"xl? 
7 2 


2 
_ 672x114 = 436.67 kN m 


The loading and bending moment diagrams per shear wall 
are shown in Figure 11.39. 
Calculate design axial loadings on shear walls: 


Characteristic dead loads, G,: 


roof=6.5x6 =39.00kN/m 

3 floors = 3 x 5.0 x 6 =90.00 kN/m 

ow wall=11.4x3 =34.00kKN/m 
=163.20kN/m 


BM = 436.67 kNm 


(b) design bending moment diagram 
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Characteristic superimposed load, Q,: 


roof=1.5x6 = 9.00kN/m 
3 floors =3 x 1.5 x 6=27.00 kN/m 
= 36.00 kN/m 


Minimum design load for dead plus wind loading com- 
bination 


=G.X% 
= 163.2 x 0.9= 146.88 kN/m 


Maximum design load for dead plus superimposed plus 
wind loading combination 


=(G,x ¥) +(Q.* ¥p 
= (163.2 x 1.4) + (36 x 1.6) = 286.08 kN/m 


The design moment of resistance will be checked first 


against the formula 
fw + Sa Z 
Ym 


in which the limiting condition is the flexural tensile 
strength, f,,- This check utilises the minimum design load 
for the calculation of ¢;. However, it is essential that the 
flexural compressive stresses are also checked and a sug- 
gested design method is given later in this example for the 
second stage of the check. 


Total minimum axial load on shear wall = 5 x 146.88 = 
734.4 kN 


Shear wall properties: 
area =0.2x5=1000 x 10° mm2 


0.2 x52 


section modulus, Z = = 833.33 x 10° mm? 


MRofshear wall = [fs + «| Zi 


m 


The specification for the masonry is given as solid concrete 
blocks with a compressive strength of 10.0 N/ mm? set in 
designation (iii) mortar. 


Ym Can be taken as 2.5 special 


therefore, 
fe = 0.25 N/mm? (BS 5628, Table 3) 
Ym = 2.5 special 
a= aoe = 0.7344 N/mm? 
Z = 833.33 x 10° mm? 
Hence: 


Design MR= 528 + ora x 833.33 x 10° 


= 695.33 kN m 


The section is adequate for the first stage of the design as the 
design MR is greater than the applied BM of 436.67 kN m. 


Now check compressive stresses under dead plus superim- 
posed plus wind loading. The wall section needs checking 
at two critical levels: 


(a) at foundation level, where the effect of axial loading 
and design bending moment are greatest, and, 

(b) at a point 0.4h above the ground floor slab, where the 
design bending moment will be considerably less but 
where the capacity reduction factor, B, reduces the ver- 
tical load resistance of the wall under combined axial 
and lateral loading (see Figure 11.32). 


Case (a): Check Stresses at Foundation Level 


This check must be carried out in two stages as explained 
earlier (see Figure 11.32) considering (1) axial loading only 
and (2) combined axial and lateral loading. 


Stage 1: Axial loading only 


The design stress required under axial loading is given by 
the equation Bf, /Y,- Hence 
designload _ Bf, 
area Yon 


186.0810? Bf, 
200x1000 -y, 


1.4304 = Bhe 
Ym 
At foundation level the wall is fully restrained against 
buckling and therefore: 


B=1.0 
Ym= 2:5 special 
= 45 N/ mm? for the block and mortar specification 
given (by interpolation from BS 5628, Tables 2(b) and 
2(c), for a ratio of h/t = 1.0) (see Tables 5.8 and 5.9). 


Hence 
Bh _ 10x45 
Von 2.5 
= 1.80 N/mm? 


(which is greater than the applied design stress 1.4304 
N/mm’). 


Stage 2: Combined axial and lateral loading 


The design stress required under combined axial and lat- 
eral loading is given by the equation B x 1.1f,/7,,- 


The maximum applied design compressive stress under the 
loading combination dead plus super wind is, from a sim- 
ple elastic analysis: 


Ew + Ma 
A Zz, 
where 


n,, = total design vertical load under (D + S + W) loading 
combination 
A =area of shear wall 
M, = applied design bending moment at foundation 
Z = section modulus of shear wall. 
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Design vertical load, n,.: 


ny =1.2G,+1.2Q, 
= (1.2 x 163.2) + (1.2 x 36) 
= 195.84 +43.2 = 239.04 kN/m 


A =200 x 5000 x 10-9 = 1.0 m? 
M, = 436.67 kN m 


_ 200 x 5000? x 10-? 
6 


Z = 0.833 m? 


Maximum applied design compressive stress: 


= Nw My 

A Z 

_ 239.04x5 , 436.67 
1 "0.833 

=1195.2+524.21 


= 1719.41 kN/m?=1.719 N/mm? 


Hence, 1.719 = P% 1 Me 


Ym 


Once again B = 1.0, y,, = 2.5 and f, = 4.50 N/mm. 
Therefore 


Bx1.1f,  1.0x11x4.5 


= 1.98 N/mm? 
Ve 2.5 


(which is greater than the maximum applied design com- 
pressive stress of 1.719 N/mm?) 


Case (b): Check Wall at 0.4h above Ground Floor Slab 
Restraint (see Figure 11.40) 


Stage 1: Axial loading only 


Design stress required is similar to that for case (a) in which 
1.4304 = Bf, /Ym, Where B = 0.97 (from BS 5628, Table 7) (see 
Table 5.15), since SR = 0.75 x 2.7/0.2 = 10.125 and e, = 0 to 
0.05t, f, =4.5 N/mm? and y,, = 2.5 as before. Hence 


Bhe 7 0.97 x 4.5 
Ym 2D 
= 1.746 N/mm? 


(which is greater than the applied design stress of 1.4304 
N/mm’). 


9.72m 


[==> foundation 


Figure 11.40 Section showing case (b) critical design 
moment 


Stage 2: Combined axial and lateral loading 


The design stress required is B x 1.1f,/Y,,, in which B is cal- 
culated from the slenderness ratio based upon the effective 
wall thickness perpendicular to the direction of application 
of the bending. For this example, the direction of applica- 
tion of the bending is parallel to the major axis of the shear 
wall and the effective thickness to be taken for the calcula- 
tion of B is the actual thickness of 200 mm. 


Hence, 8 = 0.97, as for stage 1. 


; : 0.97 1.14.5 
Design stress required = ———_+——. 
2.5 
= 1.921 N/mm? 
Maximum applied design _ 1, My 
compressive stress “A vA 


where 


n,,=239.04kKN/m (as case (a)) 


A=1.0 m? 
9.72? : : 
My= WX xL_ (where Lis the spacing of the 
shear walls) 
2 
=1.2x0.8x cil xX6=272.1kNm 
Z =0.833 m3 
Therefore 
Pay My, _ 239.045 m 272.1 
AS A 0.833 
=1195.2+ 326.65 


= 1521.85 kN/m?2= 1.522 N/mm? 
(which is less that the design stress required of 1.921 N/ mm’). 


The section is shown to be adequate for all stages of the 
design as the design moment of resistance is greater than 
the applied design bending moment of 436.67 kN m, and 
the combined flexural stresses at the two critical levels are 
within acceptable designed limits. 


Example 9: Column Design 


Four rows of masonry columns supporting the main struc- 
ture of an office block are to be designed and a section of the 
building is shown in Figure 11.41. The characteristic wind 
loading for the area is to be taken as 0.65 KN/m* and the 
wall, floor and roof construction is such that the columns 
are loaded as in Table 11.2. 


It can be assumed that the critical loading condition occurs 
when the wind is in the direction of the arrow shown in 


Table 11.2 


Column reference A B Cc D 


Characteristic dead load (kN) 175 76 76 175 
Characteristic super load (kN) 147 100 100 147 
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frames spaced at 4 m centres 


rigid superstructure over 


wind direction 


Figure 11.41 Typical cross-section 


F ir] 
4 oO 


(a) cruciform (b) solid rectangle 


(c) hollow rectangle 


Figure 11.42 Alternative column profiles 


Figure 11.41. The framework shown is repeated at 4.0 m 
centres and a felt dpc is to be incorporated at the base of 
each column. Three alternative cross-sections of columns 
are required for consideration by the client, the basic 
profiles of which are shown in Figure 11.42. 


Minimum design loads (dead plus wind loading condition): 
=, x G, 


Columns A and D=0.9 x 175 = 157.5 kN 
Columns B and C =0.9 x 76=68.4 kN 


Maximum design loads (dead plus super loading condi- 
tion): 


= (¥; x G,) + (¥; x QY) 
Columns A and D= (1.4 x 175) + (1.6 x 147) = 480.2 kN 
Columns B and C = (1.4 x 76) + (1.6 x 100) = 266.4 kN 


Design wind loading = y, x W, 
=1.4x 0.65 x 3.5 x 4.0 
=12.74kN _ per frame of four columns 


It has been assumed that the structure above the column 
heads will be sufficiently stiffened with crosswalls for the 
design wind load to be considered as acting at column head 


foundation 


design wind load 


3.5m = 12.74 kN 


Figure 11.43 Wind loading 


height, as shown in Figure 11.43. The design wind load of 
12.74 kN, acting at the mid-depth of the 3.5 m deep struc- 
ture above first floor level, induces positive and negative 
forces into the columns and consideration is given to this 
later in the design. Due to the presence of the dpc at the base 
of the columns, the frames will be designed as fixed at the 
column heads and pin-jointed at their base. 


It has already been demonstrated that a moment can 
develop at a felt dpc due to the inherent stability moment. 
However, to simplify the analysis for this design example, 
and at the same time provide an additional factor of safety 
on the structure, the base will be treated as pin-jointed and 
the rigidity will be provided by the moment connection of 
the column heads to the structure above (see Figure 11.44). 
It will be assumed that the structure above can accommod- 
ate the moments at each column head. As each column is to 
be of identical cross-section the total design wind load will 
be shared equally between the four columns as shown in 
Figure 11.44. 


12.74 KN 


assume moment 
+ transferred to rigid 
structure above 


3.185 KNYA 3.185 kKNYB 3.185 kNYC 3.185 KN¥D 


oS 
150 
¢ building 


Figure 11.44 Columns bending moment diagrams 
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It is critical to the design assumptions to ensure that the 
interfaces between the structure over and the tops of the 
four columns can transmit the calculated flexural tensile 
stresses. In this example, the structure over is assumed to 
comprise a rigid reinforced concrete slab poured directly 
onto the brick columns. Precast concrete beams laid ‘dry’ 
onto the brick columns could not develop the flexural tensile 
stresses calculated, but may generate the required moment 
of resistance on the basis of a ‘cracked section’ design. 


Design bending moment = = X25 


=7.96kNm_ per column 


Induced compression and tension in columns A and D 
respectively from applied wind moment: 


C=T= 


7.57 + 2.57 
=6.5kN 


Therefore, adjusted minimum load in column D under 
dead plus wind load = 157.5 —6.5=151 kN. 


Worst case minimum loading is in columns B and D, where 
the minimum design load of 68.4 kN is combined with the 
applied design BM of 7.96 kN m. 


Case (a): Cruciform Columns 


The proposed column profile, for trial purposes, is shown 
in Figure 11.45. The assessment of column trial section sizes 
can only be gained with experience. 


Column properties: 


Area = 451.125 x 10° mm? 
Z =54.13 x 10° mm? 
I=26 836 x 10° mm? 
r=243.9 mm 


The design resistance moment of the cruciform section 
based solely on the flexural tensile stresses: 


eu) 
Ym 


445mm 225 mm 445 mm 


445 mm 
225mm 


445 mm 


1115 mm 


Figure 11.45 Cruciform column profile 


(for geometric profiles the effective eccentricity method is 
considered not to be a realistic analysis). 


Using bricks with a crushing strength of 27.5 N/ mm? anda 
water absorption of 9% set in a designation (iii) mortar: 


f= 04N/mm? (BS 5628, Table 3) 

Ym = 2-5 special 

_  68.4x 108 
451.125 x 10° 

Z =54.13 x 10° mm? 


Ra = 0.152 N/mm? 


Therefore: 
; 0.4 
Design MR= [os + oaz2 x 54.13 x 10° 


=16.89kN m 


The flexural tensile resistance moment is adequate as the 
design MR is greater than the applied BM of 7.96 kN m. 


Check compressive stresses under applied BM and maxi- 
mum design load after column has been checked for axial 
loading. 


Check columns A and D for axial loading. 


Maximum design load = 480.2 + induced compression 
from wind moment 
=480.2+6.5 
=486.7kN (columns A and D) 


This load will be assumed to be applied axially with an 
eccentricity of 0 to 0.05t. 


From the formula radius of gyration = V(I/A), an equivalent 
solid square column will be calculated in order to assess the 
value of B (capacity reduction factor) from BS 5628 Table 7 
(see Table 5.15). 


Radius of gyration = J (4) = 243.9 
3 
geite = 243.9 
bt 


but for a square section, b = t. Therefore 


Jie 


t=V(12 x 243.92) = 845 mm 


Hence 


Therefore 


Hence, column section = 845 mm x 845 mm. 


Now calculate B from BS 5628, Table 7 (see Table 5.15), for 
an equivalent 845 mm square column section: 


. h 
Slenderness ratio = —& 
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330 mm 225 mm 330 mm 


a al 


885 mm 
1c 


Figure 11.46 Reduced cruciform column profile 


Slenderness ratio based on length of outstanding leg of 
cruciform profile: 


e, = 0, therefore, B = 1.0 (from BS 5628, Table 7). 
B x area Xf, 
Ym 


_ 1.0 451.125 x 10° x 7.1 
2.5 


Design vertical load resistance = 


= 1281 kN 


The section is adequate for the design axial loading as the 
design vertical load resistance is greater than the applied 
maximum design load of 486.7 kN, although the flexural 
compressive stresses should be checked under combined 
axial and lateral loading. 


Check if a smaller column profile will be adequate — profile 
shown in Figure 11.46. 


Column properties: 


Area = 347.60 x 10° mm? 
Z = 34.94 x 10° mm? 
T=13 623 x 10° mm* 
r=198mm 


Equivalent solid column = 686 mm square. 


Design MR= ~ + ws}? 


m 


[es _ 68.4 


x 34.94 x 10° 
2.5 347.6 


=124kNm 


(The flexural tensile resistance moment is adequate as 
design MR is greater than applied BM.) 


Now check columns A and D for axial load: 


2.5103 _ 
686 


Slenderness ratio = 3.6 


e, =0, therefore, B = 1.0 (from BS 5628, Table 7) (see Table 5.15). 
B x area xf, 
Ym 


_ 1.0.x 347.6 x 10° x 7.1 
2.5 


Design vertical load resistance = 


= 987.20 kN 
Hence, the section is adequate for the design axial loading. 


While the Code does not directly cater for calculating com- 
pressive stresses under combined axial and lateral loading, 
it is considered that more complex geometric profiles should 
always be checked, as it is by no means certain that flexural 
tensile stress will always be the limiting factor in calculat- 
ing design resistance moments. Under maximum design 
load and applied design bending moment, the compressive 
stresses at the heads of columns A and D may be calculated 
using the following suggested design method: 


Axial compressive stress under maximum design load 


load 486.7 x 10° 
= XY, = x 2.5 
area ™ 347.6x10° 


=3.5N/mm?2 
Flexural compressive stress under applied BM 


_ moment x7, 
Z 


7.96 x 10° 
= DS 
34.94 x 10° 


=0.570 N/mm? 
Maximum combined stress (axial plus flexural) 


=3.5+0.570 
=4.07 N/mm? 


By inspection this is comfortably within the characteristic 
compressive stresses given in BS 5628, to which no reduc- 
tions need apply as the capacity reduction factor, B, has 
already been calculated as 1.0. 


Case (b): Solid Rectangular Columns 


The proposed column profile, for trial purposes, is shown 
in Figure 11.47. 


Column properties: 


Area = 292 x 10° mm? 
Z,. = 43.1 x 10° mm? 
Zyy = 16.1x 10° mm? 


Following the same sequence of design and the same 


brick/mortar specification as for case (a): 


Design moment of resistance = [4 +8 | Z 


m 


2.5 292 
=16.99kN m 


= & + es) x 43.1 x 10° 
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330 
Y 
| 
Z| 
885 alt 
X-- 7 “—X 
LA column orientated 
with major axis 
La | parallel to the four 
| column frame 
| 
Y 


Figure 11.47 Solid rectangular column for Example 9 


The flexural tensile resistance moment is adequate as the 
design MR is greater than the applied BM of 7.96 kN m. 


Now check columns A and D for the maximum design axial 
load of 486.7 KN. Once again the axial load will be assumed 
to be applied concentrically and, therefore, e, = 0. 


Slenderness ratio = Fheg 
ef 
3 
_ 2.5 x 10 apy 
330 
e, = 0, therefore, B = 1.0 from BS 5628, Table 7 (see Table 5.15). 


B x area x f, 
Yon 


_ 1.0 292 x 103 x7.1 
2.5 


=829 kN 


Design vertical load resistance = 


The axial compressive stresses are adequate as the maxi- 
mum design load is only 486.7 kN and it is possible that a 
slightly smaller section could also be shown to be adequate. 


Now check maximum flexural compressive stresses under 


combined axial and lateral loading: 


. ‘ load 
Axial compressive stress = —— x ,, 
area 


_ 486.7 x 10° 
~ 292 x 108 
=4.167 N/mm2 


moment x ¥,, 


Flexural compressive stress = 7 


6 
- 7.96 x 10 2.5 
43.1 x 10° 


= 0.462 N/mm? 
Maximum combined stress (under axial and lateral loading) 


=4.167 + 0.462 
=4.629 N/mm? 


By inspection this is comfortably within the characteristic 
stresses given in BS 5628 to which no reductions need apply 


S| 
: half-brick walls 
i to column 


Lt -—X 
) columns orientated 
i as column case (b) 
| 
Y 


Figure 11.48 Hollow rectangular column profile 


as the capacity reduction factor, B, has already been calcu- 
lated as 1.0. The section is therefore adequate in all respects. 


The columns should also be checked for bending about the 
weaker axis when the wind loading is applied to the other 
building elevation at right angles using the same design 
principles. 


Case (c): Hollow Rectangular Columns 


The proposed column profile, for trial purposes, is shown 
in Figure 11.48 (columns orientated as column case (b)). 


Column properties 


Area = 229.6 x 10° mm? 
Z,.,= 43.52 x 106 mm? 
Zyy= 25.21 x 10° mm? 

T= 19 258 x 10° mm4 
I, = 5547 x 10° mm* 
Ty = 289.60 mm 

= 155.43 mm 


From r=V(I/A), equivalent solid column = 1003 x 538 mm. 


Following the same sequence of design and the same 
brick/mortar specification as for case (a): 


Design MR= [4 + a}? 
Y 


m 


zo [os " at uneaeae 


2.5 229.6 
=19.93kN m 


The flexural tensile resistance moment is adequate as the 
design MR is greater than the applied BM of 7.96 kN m. 


Now check columns A and D for the maximum design axial 
load of 486.7 kN: 


: h 
Slenderness ratio = —& 


ef 


_ 25x10 _ 
~ 538 


4.6 


As before, e, = 0, therefore, B = 1.0 (from BS 5628, Table 7) 
(see Table 5.15). 
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B xarea xf, 
Ym 
1.0 x 229.6 x 10° x 7.1 
” 2.5 


Design vertical load resistance = 


=652 kN 


The axial compressive stresses are adequate as the maxi- 
mum design load is only 486.7 KN. 


Now check maximum flexural compressive stresses under 
combined axial and lateral loading: 


. ; load x 
Axial compressive stress = ae in 
area 


486.7 x 10° 
=—_"_""_ x 
229.6 x 10° 
=5.299 N/mm? 


moment x ¥,, 


Flexural compressive stress = 7 


7.96 x 10° 
= ——_—_— _X 
43.52 x 10° 


= 0.457 N/mm? 
Maximum combined stress (under axial and lateral loading) 


= 5.299 + 0.457 
=5.756 N/mm? 


By inspection this is comfortably within the characteristic 
compressive stresses given in BS 5628 to which no reduc- 
tions need apply as the capacity reduction factor, B, has 
already been calculated as 1.0. The section is therefore ade- 
quate in all respects. 


The shear at the foot of each column of 3.185 kN should be 
checked using the manufacturer’s recommended values for 
shear forces on felt dpcs. However, it is unlikely that this 
will be critical. It is advisable to incorporate butterfly wall 
ties at the corners of such hollow column sections to reduce 
the risk of splitting. 


crosswalls at 3900 c/c 


(agp 


Example 10: Perforated External Wall 


Details are shown in Figure 11.49 of the external wall in the 
topmost storey of a multi-storey hotel building for which 
the wind loading will be assumed to be 0.9 kN/ m?. 


For simplicity of analysis, it will be assumed that the roof 
dead loading is such that under wind loading the uplift 
effect on the roof is exactly cancelled out by the dead load 
of the roof. The inner and outer leaves of the cavity wall 
are to be constructed in brick with a compressive strength 
of 20 N/mm? and a water absorption of 11% set in a 
designation (ii) mortar. The roof structure is assumed to be 
capable of providing adequate support to the head of the 
wall panel. 


The design of more complicated elements, such as the per- 
forated wall being considered in this design example, must 
include a rational judgement of the mode of action of the 
element, and will not necessarily conform exactly to the 
simple design procedures already used in the previous 
examples. The following suggested design method is one of 
a number of possible solutions. 


By inspection, the area of wall between the windows is 
clearly the most critical for design purposes as the perfora- 
tions eliminate this area of wall to span in two directions. 
In addition, this area of wall is also likely to be loaded 
with its own wind loading, plus wind loading from the 
windows and wall area above (and possibly below) the 
windows. As the central area of wall deflects under wind 
loading, the load supported would tend to shed towards 
the wall areas either side of the windows which, owing to 
the buttressing effect of the bonded crosswalls, are consid- 
erably stiffer. Consequently, where it might, under differ- 
ent circumstances, be expected that half of the wind on the 
window areas would be supported on the brickwork each 
side, it is considered reasonable, in this instance, to take a 
proportion of this load, less than half, onto the central area 
of wall under consideration. The area of wind to be sup- 
ported by the wall area between the windows is shown in 
Figure 11.50. 
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(a) elevation on wall 


Figure 11.49 Loading area for Example 10 
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Figure 11.50 Area of wind loading 


The loading width is calculated as: 


central wall = 900 mm 
windows = 2 x 900 x . =675 mm 


total width= 1575 mm 


in which (3/8) of the wind on the adjacent unsupported 
areas has been taken to the central wall area. 


The section of wall below window cill level which will be 
assumed to be resisting the applied wind bending moment 
is indicated by the dotted lines on Figure 11.50. The wind 
on the wall areas immediately beneath the windows could 
equally be considered to be supported by the cill height 
brickwork acting as a cantilever. 


Wind load on central wall area = W,. x 1.575 
=0.9 x 1.575=1.42kN/m 


Design wind load = 1.42 x y,= 1.42 x 1.4=1.988 kN/m 


The critical wall area will now be designed as a vertically 
spanning propped cantilever, and the loading and bending 
moment diagrams are shown in Figure 11.51. 
9 x 1.988 x 2.57 
128 


1.988 x 2.52 


=0.874kN m 


Wall moment = 


Base moment = =1.553kN m 


prop 


design wind load 
1.988 kN/m? 


(a) loading diagram 


Figure 11.51 


3h/8 = 0.94 m 


2.5m 


The design resistance moment at the (3/8)h level will be 
based on the 900 mm wall width, whereas the resistance 
moment at base level will be based on the loaded width 
of 1575 mm, as shown to be the effective section in Fig- 
ure 11.50. A felt dpc has been included at the base of the 
wall span and the design resistance moment at this level 
will therefore be based on a ‘cracked section’ analysis. 


Minimum characteristic loads at base of wall: 
Outer leaf (density of masonry = 20 kN/ m?): 


wallabove windows =20x0.3x0.1025 x 1.575 =0.970 
wall between windows = 20 x 1.2x0.1025x0.9 =2.214 
wallbelow windows =201.0x 0.1025 x 1.575 =3.229 
Total characteristic load, G, =6.413kN 
per 1575 mm width 


Inner leaf: (215 mm thick) = 6.413 x ae =G, 
102.5 


= 13.452 kN per 1575 mm width 


Minimum design loads = G,, x y; 

Outer leaf minimum design load = G, x y,= 6.413 x 0.9 
=5.772 kN 

Inner leaf minimum design load = G, x y,= 13.452 x 0.9 
= 12.106 kN 


Calculate stability resistance moments using stress block 
shown in Figure 11.26 (y,, = 2.5 special). 


Lf 
Ym  W,X length of section 


min. design load 


Outer leaf: 
5.772 x 10° x 2.5 
Ws= =1.3mm 
S 1.16.4 x 1.575 x 10° 
Then 
he wallthickness  w, 
= 2 2 
102. ? 
= 102.5 = 13 = 50.6 mm 
2 2 


9ph2/128 = 0.874 KNm 


ph2/8 = 1.553 kKNm 


(b) design bending moment diagram 


Loading diagram and bending moment diagram for Example 10 
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and 
Design MR = design load x1, 
2 5.772 x 50.6 = 0.292 kN m 
10° 
Inner leaf: 
3 
oe 12.106 x 10° x 2.5 pea 
1.16.4 1.575 x 10° 
Then 
L= an - lsh = 104.77 mm 
2 2 
and 
Design MR = 12106% 10877 _1.268kNm 


10° 


Total design MR =design MR outer leaf + design MR inner leaf 
= 0.292 + 1.268 =1.56 kN m 


The section is adequate as the design resistance moment is 
greater than the applied BM of 1.553 kN m. 


Now check the 900 mm wide wall section at (3/8)h level. 


Outer leaf: 
wall above windows =20 x 0.3 x 0.1025 x 1.575 
= 0.970 kN 
wall between windows = 20 x (0.94 — 0.3) x 0.1025 x 0.9 
=1.181 kN 
Total characteristic load, G,, = 2.151 kN per 900 width 
: 215 
Inner leaf (215mm thick) =2.151x 
102.5 
=4.512 kN per 900 width 
Minimum design loads =G.X% 


Outer leaf minimum design load = 2.151 x 0.9= 1.936 kN 
Inner leaf minimum design load = 4.512 x 0.9= 4.061 kN 


Design resistance moment = [fs + ss}? per leaf 


m 


Total design MR = design MR outer leaf + design MR inner 
leaf 


Outer leaf: 
fx =0.4N/mm? (BS 5628, Table 3) 
Ym = 2-5 special 
3 
= eee 10" 0.021 N/mm? 
900 x 102.5 
2 
Z= ae = 1.576 x 10° mm? 
Inner leaf: 


fi =0.4N/mm? (BS 5628, Table 3) 
Ym = 2-5 special 


3 
ge S00 Nee 
900 x 215 
2 
Z= al = 6.934 x 10° mm? 


Thus design resistance moment: 
= [os + oon x 1.576 x 10° + [os + oon x 6.934 x 10° 


= 0.285 + 1.255 
=154kNm 


This section is adequate as the design MR is greater than the 
applied BM of 0.874 kN m. 


(The combination of this design example is included to 
demonstrate the difficulties of compliance with clause 
36.9.1(b) of the Code which as was discussed in section 6.10 
is not considered by the authors to be a practical design 
approach.) 


Now check compliance with clause 36.9.1(b) by designing 
wall at level M,, as a cracked section. As, at base level, the 
resistance moment was virtually the same as the applied 
moment, redistribution of forces and moments will be 
ignored. 


Hence M,, = 0.874 kN m and minimum design loads for 
outer leaf = 1.936 kN and for inner leaf = 4.061 kN. 


Now check as ‘cracked section’. 


Outer leaf: 
— 2.5 x 1.936 x 10% 
S 1.1 6.4.x 1.575 x 1000 
=0.44 mm 
7 102.5 0.44 
a 2B 2 
=51.03 mm 
Design MR = 1.936 x 0.051 03 
=0.099kN m 
Inner leaf: 
— 2.5 x 4.061 x 10% 
Ss 1.1x6.4x 1.575 x 1000 
=0.92 mm 
1 = 102.5 0.92 
. 2 2 
=50.79 mm 


Design MR = 4.061 x 0.050 79 
= 0.206 kN m 


Total design MR = 0.099 + 0.206 = 0.305 KN m which is con- 
siderably less than the applied moment of 0.874 kN m and 
the wall apparently fails. However, the authors expressed 
concern in Section 6.10 about the implications of this clause 
of the Code and, until the problem is resolved, recommend 
that the design moment of resistance in the wall height (at 
M,, level) is based upon its flexural tensile resistance and 
not its cracked section resistance. 


12 Design of Single-storey Buildings 


Society requires a large number and a wide range of single- 
story structures — not just for factories, garages and ware- 
houses, but also for primary schools, theatres, churches, 
sports halls, libraries, etc. 


12.1 Design Considerations 


The design requirements can best be appreciated by con- 
sidering the structural problems common to all types of 
walls in single-storey structures. Open-plan buildings (i.e. 
with no internal walls) will be discussed in particular since, 
structurally, these represent the worst case. 


(a) Vertical Loads 


The vertical compressive load is rarely the critical factor 
in the design of masonry walls since the dead load of the 
roof, and its imposed load are relatively light compared 
with multi-storey structures. Often, the wind suction on the 
roof is equal to, or greater than, its dead weight, and design 
cases frequently arise where that wall is subject to no vert- 
ical loading (other than its own weight) and the loading is 
mainly lateral. 


(b) Bending Stresses 


The bending stresses due to wind are critical, particularly 
the tensile stress due to bending, which is referred to in BS 
5628 as ‘flexural tension’. If the wall is treated as a free can- 
tilever, with a uniformly distributed wind load, the max- 
imum bending moment will be ph?/ 2. On the other hand, 


wind force 
p/unit area h 
+ 


ph? 


2 


if the roof is used to prop the wall, and a pinned joint is 
assumed at the base, the wall acts as a simply supported 
beam with a maximum free bending moment due to wind 
of ph?/8 (see Figure 12.1). 


(c) Roof Action 


To enable the roof to prop the wall, so that the wall can span 
as a simply supported beam, as described in (b) above, it is 
not sufficient to merely fix the roof beams to the top of the 
wall because the wall could still act as a free cantilever (see 
Figure 12.2). 


The roof must act as a plate or a wind girder so as to transfer 
the wind force to the gable or other transverse walls. A sim- 
ple method of meeting this requirement is to fix diagonal 
bracing between the roof beams and purlins, this forming 
in effect a horizontal lattice (or wind girder), as shown in 
Figure 12.3. It is essential, of course, that the roof is properly 
strapped and tied to the walls as described in Chapter 7. 


(d) Stability Moment 


In the free cantilever shown in Figure 12.4, the resistance of 
the wall to overturning, due to the force P, is its stability 
moment. To over-simplify for the sake of clarity, consider 
the stability moment of a wall = own weight of wall x its 
lever arm, i.e. W x d/2. If the moment due to the wind is 
greater than the stability moment, the wall will crack at the 
dpc level on the windward face, and rotate at the hinge on 
the leeward face. 


roof 
wind force piap 
p/unit area ph? 
8 


pin 
joint 


Figure 12.1 Single storey wall behaviour with and without roof prop 
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Figure 12.2. Roof prop behaviour 
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lattice girder 


diagonal 
bracing 


r .t 4 


wind on main wall 


Figure 12.3 Roof bracing 


—- 
wind force P 


d 
“5 (lever arm) 
Figure 12.4 Stability moment of cracked section 


The stability moment provides some fixity at the base of 
the wall, and is not dependent on the structural action 
of the wall as a free or propped cantilever, or partially 
restrained simply supported beam, etc. The stability 
moment is a resistance moment and, like any resistance 
moment in any structural element, is passive until activ- 
ated by applied bending moments due to loading. The 
magnitude of the active stability moment is dependent 
on both the magnitude of the bending moment due to load- 
ing and any movement of the roof prop, if it is provided 
(see (e) Knife-edge condition, p. 175). The magnitude of 
the potential stability moment depends on the wall’s own 
weight and its lever arm. The thicker a wall, the greater 


210 mm 


wall (a) 


Figure 12.5 Various wall profiles 


315mm 


purlins 


roof beams 


gable or transverse 
wall acting as a shear 
wall and reaction to the 
wind force 


weight of wall W 


crack ———» hinge 


its own weight and lever arm, and, therefore, its stability 
moment. 


In a diaphragm wall (see Chapter 13) the stability moment 
can be increased by increasing the depth of the void — thus 
increasing the lever arm. 


Example 


Determine the stability moment of a 210 mm thick solid 
wall, a 315 mm thick solid wall and a diaphragm wall with 
two leaves 102.5 mm thick and a void of 210 mm. The walls 
are 3 m high and built of brickwork with a density of 
20 kN/m° (see Figure 12.5). 


102.5 mm 210 mm 102.5 mm 


— 


wall (b) 


wall (c) 
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Wall (a): 
Weight =3x0.210x20 =12.6kN/mrun of wall 
Lever arm — = =105mm 

=0.105 m 


Stability moment = 12.60 x 0.105 m=1.32 KN m/m run 


Wall (b): 

Weight =3x0.315x20 =18.90kN/mrun 

Lever arm = = =157.5mm 
=0.1575 m 


Stability moment = 18.90 x 0.1575 m= 2.977 kN m/m run 
Wall (c): 
Weight (ignoring cross-ribs) = 3 x (2 x 0.1025) x 20 


=12.30kN/mrun 
Lever arm = a = He) 2 207.5 mm 
= 0.2075 m 


Stability moment = 12.30 x 0.2075 m= 2.55 kN m/mrun 


The stability moment is zero at the top of the wall (since 
there is no own weight there) and increases uniformly, if 
the wall is of a constant thickness, toa maximum at the base 
where the full weight of the wall acts. Thus the stability 
moment diagram is as shown in Figure 12.6. 


It should be appreciated that there is a fundamental differ- 
ence between the resistance moment of steelwork or rein- 
forced concrete and the stability moment of masonry. When 
the bending moment exceeds the resistance moment in steel 


t 
total 
weight of 
wall W 
> |e < > 
t W xt 


2 2 
wall stability 
moment 
diagram 


Figure 12.6 Single leaf wall and stability moment 
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re cantilever steel cantilever 


or reinforced concrete, the resistance moment is destroyed 
once and for all. On the other hand, in unreinforced masonry, 
the stability moment is not destroyed — although it may be 
temporarily reduced — and on relief of the bending moment 
is fully restored. The example which follows may help to 
clarify this point (Figure 12.7). 


If the bending moment due to the force P exceeds the resis- 
tance moment of the reinforced concrete, the reinforcement 
will fail and the cantilever will have a greatly and perma- 
nently reduced moment of resistance. A similar result will 
occur in the steel cantilever if the tensile weld fails. In the 
masonry cantilever, the lever arm will decrease slightly, as 
the wall tilts and thus decrease the stability moment. 
However, when the force P is removed, the wall will settle 
back into its original position and recover its full stability 
(resistance) moment. Since, in practice, the design force P is 
the maximum wind force likely to occur in the life of the 
building (e.g. a three second gust, once in fifty years) it is of 
very short and temporary duration. 


Combined bending moment diagram 

If the wall is propped at the top, the free bending moment 
due to the wind force is, as mentioned earlier, that of a 
simply supported beam subject to a uniformly distributed 
load and the maximum is ph’/8. Superimposed on this is 
the active part of the stability moment (see Figure 12.8). 


It can be shown that the maximum moment at the base due 
to the roof propping force, R, which is activated by wind 
force P/unit area, is ph?/ 8, i.e. the propped cantilever bend- 
ing moment. If this does not exceed the stability moment, 
the wall will act as a propped cantilever and the maximum 
bending moment, in the span of the wall, will be Oph?/ 128 
acting at (3/8)h down the wall from the prop. 


(e) Knife-edge Condition 


In practice, it is not possible to form a perfectly propped 
cantilever — just as it is difficult to form a perfectly pinned or 
fixed joint. Since the roof plate will be stressed, it will strain 
and deflect. It can be shown that deflecting the free end of 
the cantilever by an amount A will induce a moment at its 
support of 3EIA/L? (see Figure 12.9). 


For a 210 mm wall, 


bd? _ 1000 x 210° 
12 12 


I= =7.718 x 108 mm* 


For brickwork, E,, can be taken = 8.68 x 10°kN/m? (medium 
strength brick in 1 : 3 mortar). For a 25 mm deflection at the 
top of a3 m high wall: 


reduced lever arm 
lever arm 


masonry cantilever 


Figure 12.7. Comparison of steel, concrete and masonry cantilevers 
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or 


bending moment stability moment due to roof combined bending 
due to wind moment prop force (R) moment 
=Rxh 
Figure 12.8 Combined bending moment diagram for stability moment 
A. wind force creates A 
no wind force deflection A —_— 
wind 
force 
no deflection Figure 12.11 Subsequent knife-edge support 
.. moment at base 
3EIA 
m= [2 
VAI AIFF, moment VULLhhe 


Figure 12.9 Theoretical knife-edge condition 


ie 3EIA 
[2 
_ 38.68 x 10° x 7.718 x 107-4 x 25 x 10-3 
3x3 
=55.8kNm/m 


The stability moment for a 210 mm wall, 3 m high is 
1.32 kN m/m (see earlier). 


The moment at the base of the wall, due to deflection at the 
top, is far in excess of the stability moment. Thus, the wall 
will crack at the base or dpc, and will rotate, but not col- 
lapse (see Figure 12.10). 


Theoretically, the whole weight of the wall will be concen- 
trated on a knife-edge of zero contact area and there will 
be an infinitely high compressive stress at point A (see 
Figure 12.11). 


In practice, of course, the dpc or mortar will deform and the 
contact area will increase from the knife-edge condition, 
and thus the compressive stress will decrease. 


Figure 12.10 Base of wall cracking and subsequent 
rotation 


deformed dpc or mortar 
) effective contact area say 12 mm 


Figure 12.12 Actual contact area 


The contact area, see Figure 12.12, will now be 12 mm x 1m 
per metre run and 


12.6 x 10° 


Compressive stress = = 1.05 N/mm? 
12x 108 


From the above, it will be seen that the moment at the 
base cannot exceed the stability moment — if it does, the 
wall cracks at the base and only the stability moment is 
operative. 


(f) Tying Down of Roof 


It is not uncommon with lightweight roofs for their dead 
(downward) load to be less than the suction (upward) force 
due to wind action (see Figure 12.13). 


If the roof is not strapped down to the walls, or fixed to a 
concrete capping beam that weights it down to the walls, it 


1 suction 
J dead load 


Figure 12.13 Wind suction on lightweight roofs 
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will lift off. A factor of safety against uplift of 1.4 is usually 
adopted (see Chapter 7). 


(g) Slenderness Ratio 


If the roof acts as a horizontal stiff plate or wind girder, and 
is properly fixed to the top of the wall, the wall can be con- 
sidered as being adequately restrained laterally, and its 
effective height can be considered as being equal to its 
actual height. If the roof does not properly restrain the wall, 
the effective height should be taken as 1.5 times the actual 
height. 


The effective thickness of walls has been dealt with in pre- 
vious chapters. 


The slenderness ratio must not exceed 27. So, for a 215 mm 
thick wall, properly restrained by the roof, the maximum 
height = 210 x 27 = 5.67 m. A 305 mm cavity wall (effective 
thickness two thirds the sum of thickness of the two leaves 
= 137 mm) must not exceed a height of 27 x 137 = 3.7 m. 
However walls of this height and thickness could not with- 
stand normal wind pressures. As stated at the beginning of 
this chapter, the vertical compressive load is rarely a critical 
design factor in practice — since the roof loading is compara- 
tively light. It follows, therefore that the slenderness ratio is 
equally rarely a critical design factor, 


(h) Robustness/Disproportionate Collapse 


Consideration must be given to the robustness of the struc- 
ture (see Chapters 7and 8). Since the main contribution to 
robustness in a single-storey open-plan structure comes 
from the interaction and connections of the walls and 
the roof, it is essential to ensure that the roof is properly 
and adequately braced, and firmly fixed to the walls. The 
Building Regulations, Part A, 2004 include some single- 
storey structures as either Class 2A or 2B, which means that 
the structure must have horizontal ties or both horizontal 
and vertical ties. This is likely to dictate the form of wall and 
roof construction, particularly for large open-plan, single- 
storey buildings. Vertical ties in external and internal 
masonry walls will need to be tied to say steel roof trusses. 
The ceiling form will need special consideration as it will 
need to be tied to the walls. This requirement is likely to 
necessitate the need for a reinforced concrete roof. Plywood 
is unlikely to achieve the tying requirements. 


The design of large area single-storey structures are likely 
to become more onerous under The Building Regulations, 
Part A, 2004, but this is possibly only a reflection of how 
engineers have or should have designed these structures 
previously, to be robust. 


12.2 Design Procedure 


Usually it is the height (vertical span) of the wall and the 
bending tensile stresses (flexural tension) that will develop 
which govern the wall’s type and thickness. The stresses at 
the base and the position of the maximum bending moment 
in the wall’s height must be checked. 


For low walls, up to about 4 m depending on the wind pres- 
sure at the side, the normal solid or piered cavity wall may 
suffice. 


For medium-height walls, up to about 5 m, solid or cavity 
walls will need stiffening with piers or thickening. 


For tall walls, possibly more that 5 m in height — and almost 
certainly when the height exceeds 6 m - fin or diaphragm 
configurations should be considered. 


For tall walls, check the application of post-tensioning to 
produce a more economical design (see Chapter 15). 


The design procedure is as follows: 


(1) Calculate the position and negative wind pressures. 

(2) Calculate the dead, imposed and wind loading on the 
wall from the roof. 

(3) Decide on the best distribution of structural elements 
and the overall behaviour of the structure and element 
interaction (see Chapter 7). 

(4) Select a trial section (solid, cavity, piered, diaphragm, 
fin) and thickness. Check whether the use of post- 
tensioning is appropriate. Check the slenderness ratio. 

(5) Determine the strapping down or weighting down of 
the roof. 

(6) Check the roof plate action, i.e. provide adequate brac- 
ing and its connection to the shear walls. If there are 
crosswalls, or other internal transverse walls used for 
permanent partitions, fire breaks, etc., use should be 
made of them to reduce the span of the roof plate or 
wind girder. 

(7) Determine the free bending moment, ph?/ 8, the 
propped cantilever span moment, i.e. 9ph?/128 and the 
stability moment at the base of the wall. 

(8) Calculate the position and magnitude of the maxi- 
mum wind moment in the height of the wall, and the 
resistance moment of the wall, and compare. 

(9) Check stresses at the base of the wall, and at the posi- 
tion of the maximum span moment. 

(10) Revise trial section, if necessary. 

(11) Choose masonry unit and mortar strengths. 

(12) Calculate shear stresses. 

(13) Check the stability of the transverse walls (shear 
walls) for roof plate wind reaction. 


13 Fin and Diaphragm Wvalls in Tall 
Single-storey Buildings 


The authors’ experience on sports halls, gymnasia, stadia, 
assembly halls and structures of similar form has shown 
that fin and diaphragm walls are well suited to tall single- 
storey buildings enclosing large open areas. Such buildings 
account for a large number of the projects constructed in 
Britain, and throughout the rest of the world, and their 
importance is particularly relevant with the present trend 
in this country towards providing facilities for public recre- 
ation and leisure. The vast majority of these structures have 
a steel or reinforced concrete framework supporting the 
roof loads. The framework columns are then enveloped by 
a cladding material, backed up by an insulating barrier and 
protected on the inner face by a hard lining. Frequently, the 
cladding, insulation and lining require a subsidiary steel 
framework to provide support, and both the main frame 
columns, and sometimes the subsidiary frame also, require 
fire protection. The specification for painting the structural 
framework depends upon its degree of exposure and acces- 
sibility, and in unfavourable conditions the costs against 
this item can be unexpectedly high. The resulting ‘wall’ 
thus requires up to six different materials and several 
sub-contractors, suppliers and trades. The framework and 
cladding require frequent maintenance and do not provide 
the durability afforded by the use of masonry for the same 
purpose, neither do they possess the same aesthetic qualit- 
ies which are natural in masonry construction and which 
can be greatly enhanced by imaginative detailing. 


The fin or diaphragm wall forms the structure, cladding, 
insulation, lining, and fire barrier in one material, using 
one trade carried out by the main contractor. Maintenance 
is minimal, applied protective coatings are eliminated and 
durability is virtually ensured. They also have obvious 
applications to industrial structures where robustness to 
resist the hard wear of the associated operations is of prime 
importance. Vandal resistance is an added bonus to all pro- 
jects employing fin and diaphragm wall construction. 


Masonry, like all other structural materials, requires a full 
understanding of its strengths and weaknesses in order 
to employ it economically. Masonry’s previously stated 
main weakness, low tensile strength, can be compensated 
for in design by providing a high Z/A ratio when bending 
stresses are involved. It is equally important to take full 
advantage of the gravitational forces involved, and the 
combination of these two aspects of masonry design led 
to the development of the diaphragm wall. An alternat- 
ive solution to overcome masonry’s poor tensile resistance 
is to provide precompression in the wall through post- 
tensioning rods spaced at designed centres and torqued to 
provide the axial loading which is usually missing from tall 


single-storey structures. This alternative is discussed later 
in this chapter and in Chapter 15. 


In order to exploit both the highest Z/A ratio and gravita- 
tional resistance, the geometric distribution of the materials 
should be similar — that is, to place the material at its largest 
practical lever arm position. In arriving at the most suitable 
geometric profile, due consideration must be given to the 
shear forces involved and to the buckling tendency of the 
material in the compression zone of the profile. 


For practical considerations, the geometric arrangement of 
the wall must also relate to multiples of standard brick or 
block dimensions. 


A diaphragm wall comprises two parallel leaves of brick- 
work or blockwork spaced apart and joined by perpendicu- 
lar cross-ribs placed at regular intervals to form box or I 
sections (see Figure 13.1 and 13.2). 


The two parallel leaves of the wall act as flanges in resisting 
the bending stresses and are stiffened by the ribs acting 
as webs mainly resisting shear forces. The length of the 
parallel leaves, which may be considered to act with the 
cross-ribs, is often limited by their tendency to buckle and, 
therefore, the section is best appraised as an I section. The 
length of the flange of the I section is established in a similar 
way to that of the T beam in reinforced concrete design, 
which should be familiar to many designers. The depth 
between the flanges is designed to meet the individual 
structural and other requirements of each project. Costs 
and space are usually minimised by designing the shallow- 
est depths practicable. 


The fin wall was developed from the diaphragm wall and 
its general form is shown in Figure 13.3. The masonry T sec- 
tion formed by the projecting fin and the bonded leaf of the 
cavity wall provides the main supporting member of the 
structure, while the other leaf of the cavity wall provides 
either the lining or the cladding depending on whether the 
fins are externally or internally exposed. The whole fin plus 
the cavity wall is used in determining the slenderness ratio 
of the section, and a calculated length of the wall is con- 
sidered to act with the fin as the flange of the T profile in 
resisting the lateral loading. It is more common to expose 
the projecting fins externally, as this is usually the prefer- 
ence of the architectural designer and greater structural 
economy can be achieved. However, they can be exposed 
internally, and the design principles involved are similar, 
although careful consideration must always be given to the 
direction of the loading, and the section available at a par- 
ticular level to resist it. Disproportionate collapse regulations 
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(3) Large voids are available for distribution of services, 
etc. 

(4) No cavity ties in bonded walls. 

(5) Symmetrical section for simplicity of analysis. 

(6) Fewer vertical plumbing lines reduces labour costs. 


Figure 13.1 General arrangement of diaphragm wall profiles 
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Figure 13.3. Fin wall arrangement 


need to be considered in choosing the particular form to use 
(see Chapter 8). 


13.1 Comparison of Fin and Diaphragm Walls 


Having concluded that, for a particular tall single-storey 
project, masonry is the most suitable structural material, 
the next decision to be made is what form: fin, diaphragm 
or any other, to use for the structure. Regarding fin and 
diaphragm walls, each has some advantages over the 
other and a summary of the basic considerations is given 
below, from which the form most suited to the function or 
aesthetics of the particular project can be assessed. 


Diaphragm Wall 


(1) Smooth, finished face both internally and externally. 
(2) Better structural use of materials. 


(7) Smaller site area is required — beneficial on restricted 
sites. 
(8) Slight cost saving. 


Fin Wall 


(1) Less roof area is required (see Figure 13.4). 
(2) Less foundation area is required (see Figure 13.5). 


roofing area 


diaphragm wall 
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fin wall 


Figure 13.4 Comparison of roofing areas 
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Figure 13.5 Comparison of foundation areas 


(3) Has greater visual impact — more scope for architectural 
effect. 

(4) Marginally easier to post-tension when required. 

(5) Less cutting of bricks for bonding can usually be 
achieved. 


Both the fin and the diaphragm walls become more eco- 
nomical, in comparison with other structural forms such as 
steel or reinforced concrete frameworks, as the height of the 
wall increases, and they are of little advantage on lower 
heights where normal cavity brickwork can often satisfy all 
the structural requirements. For further discussion on the 
application of fin and diaphragm walls, see section 13.11 
and Chapters 10, 11, 12 and 14. 


13.2 Design and Construction Details 


Thorough consideration of the structural behaviour of the 
roof of the building is imperative for the maximum eco- 
nomy to be achieved in the overall building costs. The wall 
may be designed as a cantilever and the structure covered 
with the simplest possible roof construction. However, it 
has generally been found that, to obtain the greatest eco- 
nomy, the roof should be detailed and constructed in sucha 
way that it can act as a horizontal plate to prop and tie the 
tops of the walls and to transfer the resulting horizontal 
reactions to the transverse walls of the building, where 
these reactions can then be transferred to the building foun- 
dations through the racking resistance of these shear walls 
(see Figure 13.26). To satisfy this design analysis, the details 
must provide adequately for fixing the tops of the walls to 
the roof plate, the roof plate must be capable of spanning 
between the shear walls, and the forces must be transferred 
from the roof plate into the shear walls. 


A capping beam can be used on top of the wall to transfer 
the prop and tie forces into the roof plate. This has the 
potential advantage of being able to resist uplift forces from 
a lightweight roof and also of transferring the roof plate 


horizontal bracing 
to girders 


main roof beams 


capping beam can be 
used as a girder beam 


Figure 13.6 Roof girder to transmit wind forces to 
shear walls 


forces into the shear walls if the capping beam is continued 
all round the building. If, due to large roof openings or 
unsuitable decking, the plate action of the roof cannot be 
relied upon, a wind girder may be provided (see Figure 
13.6), in which case the capping beams can often be used as 
booms for this girder. 


The roof decking can be constructed from a variety of 
materials and supported in many ways. Generally, steel 
universal beams, castellated beams or lattice girders have 
been found to be the most economical means of support, 
spaced at centres to suit the selected decking. They do 
not necessarily need to relate to the centres of ribs or fins. 
However, in fin wall construction, the geometry of the 
building invariably leads to the roof supporting members 
lining up with the projecting fins. For long roof spans, 
a space deck can prove to be more economical, and the 
aesthetic value of this system combined with its economy, 
when applicable, makes it a popular proposition. Alternat- 
ively, timber laminated beams with solid timber decking 
may be used with considerable visual effect, although their 
economy would need to be balanced against the attract- 
iveness of the finished product. The simplest solution in 
timber is, perhaps, provided by trusses with a suitably 
designed bracing system. 


A capping beam is generally required at the top of 
diaphragm walls. However, for both fin and diaphragm 
walls where no capping beam is to be used, the main roof 
beam often requires strapping down to resist wind uplift 
forces. This can be quite easily done using rods cast into the 
padstone and taken down into the brickwork to a suitable 
level to ensure sufficient dead load, with an adequate factor 
of safety, to resist the uplift forces (see Figure 13.7). 


When assessing the overall costs of the roof decking, it is 
necessary to take account of the value of its ability to act asa 
roof plate to resist the prop and tie forces discussed earlier. 
If an apparently less expensive roof decking is selected, any 
additional costs for strapping, bracing, etc., which would 
not necessarily have been required for apparently more 
expensive decking, must be included to arrive at the overall 
cost. 
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Figure 13.7. Anchoring detail for main roof beams 
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Figure 13.8 Typical simple building 
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13.3 Architectural Design and Detailing 


It is generally considered that the fin wall provides greater 
scope for architectural expression than the diaphragm wall. 
A typical simple plan layout for a fin wall building is shown 
in Figure 13.8 and an almost unlimited number of varia- 
tions can be applied to this basic profile. 


The sizes and spacing of the fins can vary, and the corner 
fins can be eliminated altogether as shown in Figure 13.9. 


The fins themselves can be profiled on elevation, some 
examples of which are indicated in Figure 13.10. 


The treatment at eaves level (see Figure 13.11) and the 
variety and mixture of the facing bricks and fin types can 
present unlimited and interesting visual effects. 


A word of caution, however. When a mixture of bricks is to 
be introduced it is essential to ensure that the various bricks 
and/or blocks are compatible, particularly with regard to 
thermal and moisture movements. The structural design 
calculations must also take account of the differing design 
strengths of the masonry under these circumstances. The 
diaphragm wall also has possibilities for architectural 
expression and some examples of its treatment at roof level 
are shown in Figure 13.12. 


It is not essential that diaphragm walls should be designed 
with flat faces on elevation and, particularly on tall build- 
ings, a fluted arrangement as shown in Figure 13.13 can 
break up a large expanse of brickwork. 
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Figure 13.9 Fin variations 
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Figure 13.10 Typical fin elevations 
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Figure 13.11 Example of treatment at eaves for fin walls 


roof beam 


boarding 
capping beam 


diaphragm wall 


roof oversail on diaphragm 


Figure 13.12 Detail at head of diaphragm wall 


Figure 13.13 Fluted diaphragm 


The cross-ribs should, from a structural preference point of 
view, be bonded into the inner and outer leaves, in which 
case they show as headers on the elevations. A different 
coloured brick used for the cross-ribs can create an interest- 
ing feature. It is, however, also possible to allow the cross- 
ribs to butt up to the inner faces of the elevational leaves, in 
which case the stretcher bonding would remain uninter- 
rupted. In such a situation, designed shear ties are neces- 
sary to tie the ribs to both the inner and outer leaves to resist 
the shear forces involved, and it is essential to provide in 
the specification adequate protection for the ties to ensure 
that they are sufficiently durable to resist corrosion. The 
amendment to Part A of The Building Regulations, 2004 
specifies stainless steel cavity wall ties for all house con- 
struction, which implies stainless steel ties should be used 
in all construction involving masonry. The cost implica- 
tions of bonded or unbonded cross-ribs vary from job to 


brick arch fai 


section 
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job, but it is unlikely to have a significant effect on the over- 
all cost appraisal. Once again, the introduction of a differ- 
ent brick for the cross-ribs, or the inner-leaf, would require 
the same check for compatibility and design strengths as 
was discussed earlier. 


13.3.1 Services 


The accommodation of building services within diaphragm 
wall structures presents few problems owing to the large 
vertical voids in the wall section. The services can be placed 
in service ducts incorporated into the wall profile, as shown 
in Figure 13.14, or can be run inside the void with access 
points built into the relevant leaf as required. 


Openings for such access points must be checked for the 
possibility of local overstressing in the brickwork. Service 
ducts housing gas pipes placed within diaphragm wall 
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service duct 


Figure 13.14 Accommodation of service duct in diaphragm wall 


service duct 


Figure 13.15 Service duct detail in fin wall 


voids should, of course, be ventilated. Careful considera- 
tion must always be given to the possibility of corrosion of 
services within these locations. 


The accommodation of building services within fin wall 
structures is no different from that for normal cavity walls. 
If necessary, however, the fin profile can be made, as shown 
in Figures 13.9 and 13.15, to include a void for the distribu- 
tion of services and the same basic considerations apply as 
have been discussed for the services within diaphragm 
walls. Both the diaphragm wall and voided fin wall are par- 
ticularly suited to the inclusion of rainwater downpipes. 


73.3.2 Sound and Thermal Insulation 


Fin walls have almost the same sound and thermal insulat- 
ing properties as normal cavity walls, and the same criteria 
for the improvement of both of these properties apply. 


Diaphragm walls, however, because of the large internal 
void, possess better prospects for both sound and thermal 
insulation. Insulating boards and quilts of varying thick- 
nesses can be quite easily fixed inside the void, as shown in 
Figure 13.16, however, the U value of a basic diaphragm 
wall is estimated to be approximately 10% higher than an 
equivalent traditional cavity wall owing to the greater air 
circulation within the larger void. 


13.3.3 Damp Proof Courses and Membranes 


Horizontal damp proof courses should be selected to give 
the necessary shear resistance to prevent sliding and should 


insulation board fixed by 
slotting behind metal ties 


not squeeze out under vertical loading. Where flexural ten- 
sile resistance has been assumed in the structural design, 
particular care should be exercised in the choice and con- 
struction supervision of the damp proof course. In fin wall 
construction, vertical damp proof membranes separating 
the inner and outer leaves at door and window openings 
create fewer structural problems than with diaphragm 
walls, and can generally be quite easily accommodated. 
Vertical damp proof membranes are not normally neces- 
sary within diaphragm walls, except at door and window 
openings, provided that bricks and mortar of suitable 
and compatible quality are used to suit the environmental 
conditions. Most vertical damp proofing membranes pre- 
vent the tying of the cross-ribs to the elevational leaves 
and should be avoided wherever possible as this would 
impair the box action of the compound wall profile. If 
required, a bitumen based painted dpc, used in conjunction 
with metal shear ties, can be used in these locations. At door 
and window openings however, vertical damp proof mem- 
branes can be incorporated by the introduction of addi- 
tional cross-ribs, as shown in Figure 13.17. 


13.3.4 Cavity Cleaning 


There is little difference between fin walls and ordinary 
cavity walls with regard to the problems of cavity cleaning. 
With diaphragm walls, however, this problem is signific- 
antly reduced owing to the large void and, provided that 
normal care is exercised during construction, no elaborate 
methods are necessary for cleaning out the voids. 


13.4 Structural Detailing 


It is essential for any structural scheme to ensure that the 
assumptions made in the design process are adequately 
provided for in the detailing and construction on site. 
This is equally true of masonry structures, and there is per- 
haps a good argument to suggest that masonry structures 
require slightly more attention to detailing than other forms 
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Figure 13.16 Insulation fixing detail in diaphragm wall 
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Figure 13.17 Vertical damp proof course at openings in diaphragm wall 


of construction. Masonry structures have become accepted 
as the traditional type of building in which well-tested 
details of construction have evolved and become com- 
monplace. This has had the effect of implanting the notion 
that, if it is a masonry structure, the traditional construc- 
tion details will solve the structural aspects and hence 
an engineer’s services are unwarranted. This was not an 
unreasonable attitude when the term ‘masonry structure’ 
automatically implied ‘massive structure’. However, with 
the modern trend towards minimising the mass of the 
structure, to reduce both material and labour costs, such 
an attitude is likely to result in unstable construction. The 
services of engineers are warranted more today than at 
any other time in relation to masonry structures, and the 
wide scope for architectural design provided by fin and 
diaphragm walls is the most recent example of the value 
of their contribution. This contribution should not be lim- 
ited to the provision of wall thicknesses and strengths, 
but should include an assessment of the economies to be 
achieved from the most suitable combination of all the 
structural elements of the building. Having advised on the 
most suitable combination of these elements, the most 
important task is to ensure that they are correctly detailed 
and constructed in relation to each other. 


13.4.1 Foundations 


Generally speaking, the foundations to both fin and 
diaphragm walls comprise simple strip footings, as shown 
in Figures 13.18 and 13.19, slightly wider than normal for 
the diaphragm wall and with local projections to support 
the fins in fin wall construction. The bearing pressures 
involved for both wall types are invariably so low that 
nothing more is necessary for a site which does not have a 
particular soil problem. Whatever problems are presented 
by the subsoil conditions, the foundation solution for fin 
and diaphragm walls is no more complex than for a tradi- 
tional masonry structure and, in fact, the considerable stiff- 
ness provided by these geometric forms, combined with 
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Figure 13.18 Typical diaphragm wall strip footing 
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Figure 13.19 Typical fin wall strip footing 


their relatively lightweight construction, has created new 
scope for masonry structures on difficult sites. An example 
of this is the sports hall of acommunity centre for which the 
authors were responsible for the structural design, and 
which was constructed using post-tensioned diaphragm 
wall construction. The foundation adopted was a cellular 
raft, which was necessary to cater for ground subsidence 
resulting from the future coal extraction beneath the site. 
The first of these subsidence waves from the mine work- 
ings has since traversed the site resulting in a maximum 
subsidence of approximately 1080 mm with a maximum 
out-of-level across the sports hall itself of approximately 
130 mm. The relatively lightweight superstructure con- 
struction permitted an economical foundation design and 
the success of the walls is self-evident in that there is no 
evidence whatever of cracking or distress in the masonry 
due to the subsidence movements which have occurred. A 
structure has therefore been provided which can withstand 
these massive subsidence movements with virtually no 
attendant maintenance implications to the client. 


13.4.2 Joints 


Movement control joints are required in both fin and 
diaphragm wall construction, their requirements being no 
different from that for simple loadbearing masonry, the 
recommendations for which are given in BS 5628, Part 3. In 
fin wall construction, the joints are best accommodated by 
introducing a double fin with the joint sandwiched between 
(see Figure 13.20). Similarly, with diaphragm walls, a double 
rib can be provided as shown in Figure 13.21. 
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Figure 13.20 Provision of control joint in fin wall 
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Figure 13.21 Movement joint detail in diaphragm wall 


Invariably, the materials adopted for the inner leaf of fin 
walls or the inner face of diaphragm walls differ from those 
of the external faces. It is often necessary in these circum- 
stances to provide control joints at closer centres on the 
inner faces, and these intermediate joints may not necessar- 
ily demand double fins or double ribs. Any joints which 
are introduced into the wall leaf, however, must be located 
with careful consideration to the design assumptions which 
may have been made with respect to that wall panel, i.e. the 
possibility of the wall panel having been designed to span 
horizontally between fins, etc. 


13.4.3 Wall Openings 


Large door and window openings can create high local 
loading conditions from the horizontal wind loading and 
concentrated axial loads at the lintel supports. In both fin 
and diaphragm walls, these openings can easily be accom- 
modated with an adjustment to the fin or rib sizes and/or 
spacing at the lintel bearings (see Figures 13.22 and 13.23). 
The designer must allow, in his calculations, not only for 
the increased vertical and horizontal loading involved at 
these locations, but also for the change to the geometric 
wall profile available to resist the increased loading. 


13.4.4 Construction of Capping Beam 


Where appropriate, it is preferable from a structural point 
of view to cast the rc capping beam insitu. However, the 
beam can be precast, ideally in bay lengths, with a suitably 
detailed connection between to transfer the relevant forces 
at the joints. Precasting appears to be the more popular 
solution with contractors, as it eliminates the problems 
of protecting facing brickwork from wet concrete runs 
and also saves the expense of the temporary/permanent 
shuttering that is required for the insitu construction. A 
better quality finish can also be achieved with precasting if 
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Figure 13.22 Typical opening details in fin wall 


the capping beam is to be exposed. The capping beam is 
used as the seating for the roof structure, as shown in 
Figures 13.24 and 13.25, and can be used, either alone or as 
part of a horizontal wind girder, to transfer the propping 
force at the head of the wall to the gable shear walls. 


13.4.5 Temporary Propping and Scaffolding 


Like most other walls, fin walls and diaphragm walls are in 
a critical state during erection prior to the roof being fixed, 
particularly when they have been designed as propped 
cantilevers. During this period, the contractor must take 
the normal precautions, such as temporarily propping the 
walls from the bricklayers’ scaffolding or other means, to 
ensure stability. All propping must be suitably designed by 
a competent person for the loading involved. Owing to the 
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Figure 13.23 Treatment at openings in diaphragm wall 
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Figure 13.24 Capping beam detail in diaphragm wall 
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Figure 13.25 Capping beam detail in fin wall 


inherent stiffness of both the fin and the diaphragm wall, 
the problem of temporary stability is considerably reduced 
from that of a simple wall, however, the height to which 
these walls are likely to extend must be taken into account 
in assessing the propping requirements. 


It is recommended that, for both fin and diaphragm wall 
construction, scaffolding is erected both internally and ex- 
ternally to ensure not only good line and plumb but also 
complete filling of all bed and perpendicular mortar joints. 
This is particularly important at the fin and rib locations, and 
it is considered that working over-hand from a single scaffold 
platform is more likely to result in poor workmanship. The 
double-face scaffolding arrangement should consequently 
provide an adequate means of temporary propping. 


In fin wall construction the scaffolding on the fin face of the 
wall must be erected in such a way as to allow the fins to be 
constructed at the same time as the main wall. Contractors 
may prefer to place the scaffold against the wall face, leav- 
ing pockets in the wall with the intention of block-bonding 
the fins into the main wall at a later date. This should not be 
permitted, as it not only presents a hazard in its temporary 
state but, more importantly, the bonding and filling of the 
pockets are likely to result in an inferior quality of construc- 
tion, possibly far removed from the section analysed in the 
calculations. It is usually essential that the fins are con- 
structed as each course rises and the scaffolding should be 
arranged to cater for this requirement. 


Whenever temporary propping is required, i.e. when the 
roof structure is necessary to prop the head of the wall in 
the final condition, it is the designer’s responsibility to 
bring this to the attention of the contractor and to ensure 
that the contractor provides a construction method that 
recognises this fact. 


13.5 Structural Design: General 


For single-storey buildings the critical design condition 
is rarely governed by axial compressive loading rather by 
lateral loading from wind forces or the requirements to 
satisfy the disproportionate collapse regulation if applic- 
able to the structure. The limiting stresses are generally on 
the tensile face of the wall and it is therefore necessary to 
provide structural elements which are best equipped to 
limit these tensile stresses. Thus the development of the fin 
and diaphragm wall profiles, in which the material of the 
wall is placed at a greater lever arm than conventional 
walls, significantly reduces the tensile stresses and in turn 
increases the moment of resistance of the section. 


Having provided the most efficient element to reduce the 
flexural tensile stresses, two further considerations should 
be made to improve even more on this efficiency, these 
being: 


(a) To use the roof plate as a prop to the head of the wall, 
transferring this propping force to the gable shear 
walls through the stiffness of the roof plate, or through 
a suitable bracing system provided for the purpose, as 
shown in Figure 13.26. This enables the wall element 
to be designed as a propped cantilever, reducing the 
applied bending moment in the height of the wall and 
thus reducing the critical flexural tensile stresses. 

(b) The use of post-tensioning, as shown in Figure 13.27, to 
increase the axial compressive stresses in the wall ele- 
ment and reduce the flexural tensile stresses. 


Consequently, both fin and diaphragm walls, when used in 
tall single-storey buildings, are usually designed as propped 
cantilevers and the critical loading condition to consider 
is that of combined dead and wind loading (or accidental 
load where applicable, see Chapter 8). This takes into 
account the maximum wind uplift on the roof, and thus the 
maximum flexural tensile stresses within the masonry. The 
maximum compressive stresses (resulting from combined 
dead plus superimposed plus wind loading) ina diaphragm 
wall are, generally, so low that the selection of a suitable 
brick and mortar is based almost entirely on the minimum 
requirements for durability and absorption. For fin walls, 
however, these maximum compressive stresses can become 
more critical, particularly when the compressive stresses at 
the extreme end of the fin are considered, as will be demon- 
strated in the worked example to follow. Hence, for fin 
walls, the selection of a suitable brick and mortar combina- 
tion is more likely to be governed by the required compres- 
sive strengths as well as the durability and absorption 
criteria. 


Calculations are carried out on a trial-and-error basis, 
by adopting a trial section and then checking the critical 
stresses. Guidance for the assessment of trial sections for 
both fin and diaphragm walls is given in the worked 
examples which follow. 


13.5.1 Design Principles: Propped Cantilever 


Within the height of the wall, there are two locations of crit- 
ical bending moments: 
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Figure 13.27 Post-tensioned fin wall details 


level A: at the base of the wall, which is usually at dpc level; 
level B: at a level approximately (3/8) down from the top 
of the wall (see Figure 13.28). 


Owing to the unsymmetrical shape of the fin wall, it is 
essential to check the stresses at both levels and for both 
directions of wind loadings. However for the diaphragm 
wall, only the more onerous direction of wind loading need 
be considered, which is usually that of wind pressure. 


post-tensioned rod 
anchored into foundation 


The lateral loading will partly dictate the spacing of the fins 
in fin wall construction, and the spacing of the leaves and 
centres of the ribs in diaphragm wall construction. These 
aspects will be considered in greater detail in due course. 


13.5.2 Calculate Design Loadings 


It is essential to consider, at each stage of the design process 
for both fin and diaphragm walls, the worst combination 
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Figure 13.28 Wall actions showing bending moment diagrams. 
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Figure 13.29 Adjusted design bending moment diagrams 


of loading relevant to the particular check being carried 
out. For example, if roof uplift is likely to occur, this will 
affect not only the flexural tensile resistance in the height of 
the wall but also the fixing moment of resistance for the 
‘cracked section’ to be designed at the base of the wall. 
Concentrated axial loading at lintel bearings, combined 
with the concentration of roof uplift forces at the same loca- 
tion, must also be given due consideration. 


13.5.3 Consider Levels of Critical Stresses 


For a uniformly distributed load on a propped cantilever 
of constant stiffness with no differential movement of the 
prop, the bending moment diagram would be as shown in 
Figure 13.29, case (a). 


However, in reality, for both fin and diaphragm walls, 
some deflection will occur at the head of the wall (prop 
location for the propped cantilever design), and the walls 
are not of constant stiffness throughout their height as the 
stability resistance moment at any particular level is related 
to the vertical load in the wall at that level and this is not 
constant. It is, therefore, a coincidence if the resistance 
moment at the base is exactly equal to phe /8, which is applic- 
able to a true propped cantilever, as will be explained. The 
upper level of critical stress does not necessarily occur at 
(3/8)h from the top of the wall, but should be calculated to 
coincide with the point of zero shear on the adjusted bend- 
ing moment diagram. The second level of critical stress to 
be considered will still occur at the base of the wall. This 
aspect of the design process is analysed in greater detail in 
the calculation of design bending moment below. 
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case (b) 


13.5.4 Design Bending Moments 


It has been assumed that the wall acts in a similar manner 
to a propped cantilever, ‘propped’ by the action of the roof 
plate and ‘fixed’ at the base by virtue of its self-weight, the 
net weight of the roof structure and zero flexural tensile 
strength at the base. The fixed-end moment at the base due 
to the vertical loads is termed the ‘stability moment’. Any 
wall has a stability moment of resistance (MR,) throughout 
its height which reduces in value nearer to the top of the 
wall owing to the reduced self-weight. The stability moment 
of resistance (MR,) effectively augments the design flexural 
strength of the wall at the higher level. However, the reason 
for taking zero flexural tensile strength at the base, even if a 
dpc capable of transferring tensile stresses is adopted, 
requires further explanation and involves the application 
of ‘plastic’ analysis. 


The ‘plastic’ analysis of the wall action considers the devel- 
opment of ‘plastic’ hinges (or ‘crack’ hinges) and the impli- 
cations of the mechanisms of failure. Referring to Figure 
13.30, three plastic hinges are necessary to produce failure 
of the propped cantilever shown, and these will occur at 
locations A, B and C. Location C, the prop, is taken to be a 
permanent hinge, hence, under lateral loading, the two 
hinges at A and B require full analysis. 


As the lateral loading is applied the wall will flex, moments 
will develop to a maximum at A and B and the roof plate 
action will provide the propping force at C. 


As the roof plate is unlikely to be sensibly rigid, some 
deflection must be considered to occur which will allow 
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Figure 13.30 Plastic cantilever in propped cantilever 


the prop at the head of the wall to move and the wall as a 
whole to rotate. This deflection of the roof plate will be a 
maximum at mid-span and zero at the gable shear wall 
positions (see Figure 13.43). Thus each individual fin will be 
subjected to slightly differing loading /rotation conditions. 
If, in addition to the stability moment of resistance at base 
level, flexural tensile resistance is also exploited to increase 
the resistance moment, there is a considerable danger that 
the rotation, due to the deflection of the roof plate prop, 
may eliminate this flexural tensile resistance by causing the 
wall to crack at base level. The effect of this additional rota- 
tion would be an instantaneous reduction in resistance 
moment at this level. This, in turn, would require the wall 
section at level B to resist the excess loading transferred to 
that level, and this could well exceed the resistance moment 
available at that level. Hence, the two plastic hinges at 
levels A and B would occur simultaneously, and possibly in 
advance of the design load having been reached. If, how- 
ever, the flexural tensile resistance which may be avail- 
able at base level is ignored, the design bending moment 
diagram will utilise only the stability moment of resistance 
at base level, and this will remain unaffected by whatever 
rotation may occur. 


In order to determine the required brick and mortar 
strengths, it is first necessary to decide the maximum 
forces, moments and stresses within the wall. If the applied 
wind moment at the base of the wall should, by coincid- 
ence, be exactly equal to the stability moment of resistance 
(MR,), the three maxima specified above (maximum forces, 
moments and stresses) will be found at the base and at a 
level (3/8)h down from the top of the wall. 


If the MR, is less than the applied base wind moment of 
y,W,h7/8, or if significant lateral deflection of the roof prop 
occurs, the wall will tend to rotate and crack at the base. 
Provided that no tensile resistance exists at this level, the 
MR, will not decrease because the small rotation will cause 
an insignificant reduction in the lever arm of the vertical 
load. However, on the adjusted bending moment diagram, 
the lever of the maximum wall moment will not now be at 
(3/8)h down from the top and its value will exceed 


For example, suppose the numerical value of a particular 
MR, is equivalent to, say y;WI?/ 10, then the reactions at 
base and prop levels would be: 


wind| 4 


3h/8 


OyW,.h7/1 28 


y¥W,.h7/8 
0.4y,W,.h 
yW,/unit length h 
7 0.6yW,h 
partial fixity 


Figure 13.31 Calculation of base and prop reactions. 


YMA, Yee 

2 10h 
=0.5y,W,h + 0.1y,Wih 
=0.6y,W, at base level 


=0.4y,W, atproplevel (see Figure 13.31) 


The MR, is inadequate to resist a true propped cantilever 
base moment of y,W,I2/ 8, and the section will crack and any 
additional load resistance available at the higher level will 
come into play. The true propped cantilever BM diagram is 
adjusted to allow greater share of the total load resistance to 
be provided by the stiffness of the wall within its height and 
the adjusted BM diagram for the example under considera- 
tion is shown in Figure 13.32. 


The applied wind moment at the level 0.41 down is cal- 
culated as: 


(0.4y,W,h x 0.4h) — (0.4y, Wh x 0.2h) = 0.08y,W, 12 


which exceeds the true propped cantilever wall moment of 
9 
or WI (0.077, WH) 


The moment of resistance provided by the wall at this level 
must then be checked against the calculated maximum 
design bending moment. 


————a. 
0.4h 


Figure 13.32 Design bending moment diagram 
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The action of the wall is, perhaps, better described as that of 
a member simply supported at prop level and partially 
fixed at base level, where the partial fixity can be as high as 
,W,J?/8, that of a true propped cantilever. 


A rigid prop is not possible in practice (nor is a perfectly 
‘pinned’ joint or ‘fully fixed-ended’ strut, etc.) but the initial 
assumption of a perfectly rigid prop generally provides the 
most onerous design condition. This is illustrated in the fin 
wall worked example to follow. 


Considering the two locations of maximum design bending 
moments and development of the respective moments of 
resistance, it is apparent that the critical design condition 
invariably occurs at the higher location where the resist- 
ance is dependent on the development of both flexural 
compressive and flexural tensile stresses in addition to the 
MR, at this level. This is particularly true of the diaphragm 
wall. However, for fin walls, the flexural compressive 
stresses which occur at base level at the end of the project- 
ing fin can become critical and, for these walls, this general- 
isation is less often applicable. 


13.5.5 Stability Moment of Resistance, MR, 


Since single-storey buildings tend to have lightweight 
roof construction and low superimposed roof loading, the 
forces and moments due to lateral wind pressure have 
greater effect on the stresses in the supporting masonry 
than they do in multi-storey buildings. Since there is little 
precompression, the wall’s stability relies more on its own 
gravitational mass and resulting resistance moment. Under 
lateral wind pressure loading, the wall will tend to rotate at 
dpc level on its leeward face and crack at the same level on 
the windward face, as indicated in Figure 13.33. 


In limit state design, the previous knife-edge concept of the 
point of rotation is replaced with a rectangular stressed 
area, in which the minimum width of masonry is stressed 
to the ultimate to produce the maximum lever arm for the 
axial load to generate the maximum stability moment of 
resistance, MR,. As such, the MR, resulting solely from the 
mass of the wall and ignoring any net roof loads, for each 
particular wall section of constant masonry density, will 
vary in direct proportion to its height. Unlike the fin wall, 
the diaphragm wall is symmetrical in its profile, and an 
approximation in the calculation of MR, is warranted for 
the selection of a trial section. Hence, for diaphragms of 
normal proportions, the lever arm can be approximated to 
0.475D, as shown in Figure 13.34. 


wall rotates * 
about this 
point 


Figure 13.33 Initial rotation in diaphragm wall 


—_——_o, 
' 0.5D 
¢ minimum width 
ss a 4 of stress block 
approximated | =0.475D 


lever arm 


Figure 13.34 Approximate lever arm for diaphragm 
wall 


The use of this approximated lever arm for trial section pur- 
poses is illustrated in the diaphragm wall worked example 
to follow and in section 13.9.4. 


13.5.6 Shear Lag 


Shear lag, the non-uniform stress distribution in the flanges 
of such structural members at T beams and box sections, is 
important in the design of thin-walled steel members sub- 
ject to high bending stresses. It does not seem to be so crit- 
ical in the design of normal timber boxbeams, rc T beams, 
etc., and most designers tend to ignore the phenomenon 
which tends to be allowed for in design rules. 


There appears to be little or no experimental research into 
this phenomenon in brickwork (probably because the bulk 
of the research has been on solid wall sections and not box 
or T sections), and there seems to be no guidance in any 
code or building regulation on this topic. Experiments by 
the first author suggest that the flange stresses at the ribs 
of brick diaphragm walls with extra wide rib spacings can 
increase by 20%. Designers may consider this an insigni- 
ficant increase when it is appreciated that the true global 
factor of safety is probably about 8, creating a massive 
reserve of stress resistance. Even after tensile failure of the 
test diaphragm walls the shear lag stress increase had no 
effect on the stability of the walls — which were heavily pre- 
stressed and subject to relatively massive lateral loading. 


In the authors’ opinion, from experience and recent research, 
the phenomenon may be ignored for normal and lightly 
prestressed diaphragms, fins and I brick or block sections, 
provided the rules given for rib spacing, etc. are adhered to. 


13.5.7 Principal Tensile Stress 


This topic, like shear lag, appears to have been practically 
ignored by designers, researchers and the codes of practice 
— probably because it is of little significance in solid walls. 
In highly stressed diaphragms, fins, etc., it can be signific- 
ant, and designers should check the principal stresses 
in highly prestressed and highly laterally loaded sections, 
since recent research by the first author has shown that this 
is a failure condition. However, in normally loaded struc- 
tures, dealt with in this manual (with the normal factors of 
safety), the principal stresses are most unlikely to be crit- 
ical. On the very rare occasion that it is necessary to reduce 
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the principal tensile stress, this can be achieved easily by 
thickening the ribs of diaphragms or the fins, placing them 
at closer centres, or increasing the overall depth. 


13.6 Design Symbols: Fin and 
Diaphragm Walls 


Certain aspects of the design processes in the two worked 
examples which follow will vary from the procedures given 
in BS 5628. As a result it has been necessary to introduce 
additional symbols and, in order to avoid confusion, a full 
list of the symbols used is now included for cross-reference. 


The new symbols have been marked with an asterisk (*). 


*A cross-sectional area 

*B. centre to centre of cross-ribs 

b width of section 

*D. clear dimension between diaphragm cross-ribs 
Cre wind, external pressure coefficient 

Cri wind, internal pressure coefficient 


*D overall depth of diaphragm wall 
*d depth of cavity (void) in diaphragm wall 


fi characteristic compressive strength of masonry 

fe characteristic flexural strength of masonry (tensile) 
“f bc flexural compressive stress at design load 

“f pe flexural tensile stress at design load 

G, characteristic dead load 


h height of wall 

Neg effective height of wall 

*] second moment of area 

i second moment of area about neutral axis 
*K, shear stress coefficient 

*Ky trial section stability moment coefficient 


L length 
*Le spacing of fins, centre to centre 
l lever arm 


*M, applied design bending moment 

*M,, bending moment at base (base moment) 

moment of resistance 

stability moment of resistance 

*M. maximum bending moment in wall (wall moment) 
*Dibe allowable flexural compressive stress = 1.1Bf,./ Ym, 
Pubt allowable flexural tensile stress =f, / Ym 

Q. characteristic superimposed load 

*q dynamic wind pressure 

As radius of gyration 

SR slenderness ratio 

aa thickness of leaf of diaphragm wall 


t thickness of wall 

tog effective thickness of wall 

*t. thickness of cross-rib of diaphragm wall 
V shear force 

Vy design shear stress 


*W own weight effective fin T profile per m height 
W, characteristic wind load 


*W,, design wind pressure, windward wall 
*W,. design wind pressure, leeward wall 
*W,, design wind pressure, uplift (on roof) 


*w width of stress block 
*Y, fin dimension, neutral axis to end of fin 
*Y, fin dimension, neutral axis to flange face 


Z section modulus 
*Zy minimum section modulus =I,,/Y, 
*Z5 maximum section modulus = I,,,/Y, 


B capacity reduction factor 

Ye partial safety factor for loads 

Yon partial safety factor for materials 

Q trial section coefficient (Wx Y,) per m height 


13.7 Fin Walls: Structural Design 
Considerations 


13.7.1 Interaction Between Leaves 


As shown in Figure 13.35, the fins are bonded to one of the 
leaves of a cavity wall and are considered as a T section 
combining the bonded leaf with the fin. The other leaf of the 
cavity wall is considered as a secondary member and the 
loading apportioned accordingly, the cavity ties being 
unable to transmit significant vertical shear forces but able 
to transmit horizontal forces across the cavity width. 


It is assumed that the vertical loads applied to each leaf are 
taken directly on the leaf to which the load is applied, but 
that any resulting bending moments from eccentric loading 
and/or wind loading can be apportioned between the two 
members in accordance with their relative stiffness. 


For example, in Figure 13.36, which shows in exaggerated 
form the assumed behaviour, the fin A and bonded leaf is 
considered as a T section bending about point 01. The 
remaining leaf, B, is considered to deflect equally, bending 
about point 02 and the ties deform slightly at an assumed 
shear resistance of zero. 


13.7.2 Spacing of Fins 


The choice of a suitable section must take into account 
the cavity wall’s ability to act suitably with the fin both to 


normal wall ties in 
accordance with BS 5628 


BA 
~ 
applied wind —* ties assumed to 
loading a have zero shear 
02 01 resistance 


Figure 13.36 Assumed behaviour of fin wall 
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Figure 13.37 Cavity wall spanning between fins 
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Figure 13.38 Slenderness ratio of wall panel 


effective flange 
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Figure 13.39 Effective length of fin flange 


transfer wind forces to the overall section and to prevent 
buckling of the flange of the T section. This involves choos- 
ing a suitable spacing for the fin to control both these con- 
ditions, and to take into account economic spacing of the 
roof beams where the beams are to span onto the fins. The 
spacing of the fins, is, therefore, governed by the following 
conditions: 


(a) The cavity wall acting as a continuous horizontal mem- 
ber subject to wind load, spanning between the fins (see 
Figure 13.37). 

(b) The cavity wall’s ability to support vertical load with- 
out buckling. This is governed by the lesser of the 
effective vertical height or the effective length between 
fins (see Figure 13.38). 

(c) The ability of the cross-section to resist the applied 
loading with the leaf and fin acting together to form a T 
beam (see Figure 13.39). 

The effective flange of the T beam is limited to the least 

of: 

(i) the distance between the centres of the fins, 

(ii) the breadth of the fin plus 12 times the effective 
thickness of the bonded leaf, 


shear 
failure 


Figure 13.40 Shear failure between fin and bonded 
leaf 


(iii) one-third of the effective span of the fin. 
It should be noted that clause 36.4.3 in BS 5628 
embraces two of the conditions with reference to piered 
walls but, since it is felt that the distribution of stress 
into the flange is also related to the span of the fin, ina 
similar manner to reinforced concrete T beams, a span 
related limit is also necessary in accordance with item 
(iii). 

(d) The vertical shear forces between the fin and the 
bonded leaf resulting from the applied bending moment 
on the T section (see Figure 13.40). 

(e) The economic spacing of the main roof supports (where 
applicable). 


It should be noted that while item (c) restricts the flange 
width for design purposes, the actual distance between fins 
can be greater provided that the design of the effective 
flange is within the permissible design stresses and that all 
the other design considerations are met. 


13.7.3 Size of Fins 


Typical fin sizes used are 0.5 m to 2 m deep at spacings of 3m 
to 5 mand 330 mm to 440 mm wide. Some typical sections 
and their properties are shown in the design Table 13.1. 


The length and thickness of the fin is governed by the 
tendency of the outer edge to buckle under compressive 
bending stress. The roof plate action and the stresses in the 
transverse walls which provide the reaction to the plate 
must be checked. 


13.7.4 Effective Section and Trial Section 


Owing to the unsymmetrical shape of the fin wall, the geo- 
metrical properties of the effective section, when combined 
bending and axial forces are considered, can vary greatly 
under changes in loading, particularly if a ‘cracked’ section 
is being analysed. It is therefore most important, when 
analysing the stability moment of resistance, MR,, to con- 
sider carefully the effective section being stressed and the 
effects of the ‘cracked’ portion on the general performance 
of the wall. The tensile stresses must be kept within the 
limit recommended in the Code but, at dpc level, the major- 
ity of membranes must be considered to have zero resist- 
ance to tensile forces. 
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Table 13.1 Fin wall section properties 


Fin reference letter A B C D E F G H 

Fin size (mm) 665x327 665x440 778x327 778x440 890x327 1003x327 1003x440 1003x440 
Effective width of flange (m) 1.971 2.084 1.971 2.084 1.971 2.084 1.971 2.084 
Neutral axis Y, (m) 0.455 0.435 0.524 0.500 0.589 0.563 0.654 0.626 
Neutral axis Y, (m) 0.210 0.230 0.254 0.278 0.301 0.327 0.349 0.377 
Effective area (m2) 0.386 0 0.461 1 0.426 2 0.5152 0.4595 0.560 1 0.4965 0.609 8 
ow of effective area per m height, W(kN) 7.720 9.222 8.458 10.216 9.190 11.202 9.930 12.196 
1,4 (m*) 0.015 67 0.019 39 0.024 54 0.030 30 0.035 90 0.04426 0.05021 0.061 87 
Z, (m?) 0.034 41 0.044 50 0.046 84 0.060 59 0.060 96 0.07862 0.07677 0.098 83 
Z, (m3) 0.074 62 0.084 30 0.096 63 0.108 98 0.119 28 0.13536 0.143 87 0.164 10 
Trial section coefficient, Q (KN m/m) 1.6212 2.1210 2.148 3 2.840 0 2.766 2 3.663 1 3.465 6 4.597 8 
Fin reference letter J K L M N P Q R 

Fin size (mm) 1115x327 1115x440 1227x327 1227x440 1339x327 1339x440 1451x327 1451x440 
Effective width of flange (m) 1.971 2.084 1.971 2.084 1.971 2.084 1.971 2.084 
Neutral axis Y, (m) 0.718 0.687 0.780 0.747 0.841 0.807 0.902 0.866 
Neutral axis Y, (m) 0.397 0.428 0.447 0.480 0.498 0.532 0.549 0.585 
Effective area (m2) 0.533 1 0.659 1 0.569 7 0.708 4 0.606 4 0.7577 0.643 0 0.807 0 
ow of effective area per m height, W(kN) 10.662 13.182 11.394 14.168 12.128 15.154 12.860 16.140 
Iq (m4) 0.067 46 0.083 12 0.008 80 0.108 48 0.112 08 0.138 26 0.139 92 0.172 77 
Z, (m?) 0.093 95 0.120 99 0.112 82 0.145 22 0.133 27 0.171 32 0.155 13 0.199 50 
Z, (m?) 0.169 22 0.194 21 0.196 87 0.226 00 0.225 06 0.260 39 0.254 87 0.295 30 
Trial section coefficient, Q (KN m/m) 4.232 8 5.6419 5.093 1 6.800 6 6.039 7 8.061 9 7.060 1 9.4419 


Again, owing to the unsymmetrical section, it is not as 13.8 Example 1: Fin Wall 
straightforward a matter, as it is for the diaphragm wall, to 

provide a reasonably accurate means of assessing the trial 13.8.1 Design Problem 
section. A ‘trial section coefficient’, Q, has been included in 
the design Table 13.1 and relates to the own weight stability 
moment per metre height of wall when the rotation at base 
level occurs about the flange face. An illustration of the 
use of the trial section coefficient is given in the worked 


A warehouse measuring 29 m x 54m on plan, and 8 m high, 
is shown in Figure 13.41. The building is to be designed 
in loadbearing brickwork, using fin wall construction for 
its main vertical structure. The fins are to project on the 
external face, and the wall panels between the fins are to be 


example which follows. 
of 260 mm brick cavity construction. There are no internal 
i= tna = Ina walls within the building. The building is part of a major 
Y Yo development where extensive testing of materials and strict 
Trial section coefficient, Q= WY, supervision of workmanship will be employed. 


roof beams at 
4.05 m centres 


Figure 13.41 Fin wall design example 
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The architect has selected particular facing bricks which are 
shown to havea compressive strength of 41.5 N/mm? anda 
water absorption of 8%. The bricks will be used both inside 
and outside the building. 


13.8.2 Design Approach 


BS 5628 offers three options for the design of laterally 
loaded walls: 


(a) clause 36.4.3 in which the design moment of resistance 
of wall panels is given as f,,Z/Y,,and 
(b) clause 36.8, which offers two further options: 
(i) design lateral strength equated to effective eccen- 
tricity due to lateral loads, or 
(ii) treating the panel as an arch. 


The last option can seldom be applied to single-storey 
buildings due to inadequate arch thrust resistance. The 
remaining two options take no account of flexural compres- 
sive stresses which, in the fin wall design concept, certainly 
require careful consideration. 


For this reason, it has been considered necessary, in order 
to explain properly the mechanisms involved, to diverge 
from the BS 5628 concept of equating design loads to design 
strengths. The analysis considers stresses due to design 
loads and relates these to allowable flexural stresses in both 
compression and tension. 


The structure will need to be assessed to ascertain the build- 
ing class in accordance with disproportionate collapse rules 
in Part A of The Building Regulations. This building does 
not admit members of the public and the floor area is less 
than 2000 m2. Therefore it is classed as type 2A and requires 
horizontal ties in accordance with BS 5628, Part 1. 


13.8.3 Characteristic Loads 


(a) Wind Forces 


The basic wind pressure on a building is calculated from a 
number of variables which include: 


(a) location of building, nationally, 

(b) topography of immediate surrounding area, 
(c) height above ground to top of building, 

(d) building geometry. 


For the appropriate conditions, the basic pressure and local 
pressure intensities are given in BS 6399, Part 2. 


In this example, these values are assumed to have been 
computed as: 


Dynamic wind pressure,g,, =0.71 kN/ m? 
Co on windward face of wall =0.6 


Coe on leeward face of wall  =-0.5 
Ci on walls, either =+40.2 or -0.3 
Co for wind uplift on roof =0.7 


C, for Cae = 0.87 and C, for Chi = 0.72 
Therefore, characteristic wind loads are: 


Pressure on windward wall = W,, =(C,,. x Cy — CG, X Ca)qs 
= (0.85 x 0.87 + 0.3 x 0.72) x 0.71 
= 0.678 kKN/m? 


Suction on leeward wall = W,,. =(C,.* Ca —C,, x Cy), 
= (0.5 x 0.87 + 0.2 x 0.72) x 0.71 
= 0.411 kN/m? 


Gross roof uplift = Wig = (Co. Ca — Co X Cay 
= (0.7 x 0.87 + 0.2 x 0.72) x 0.71 


= 0.535 kN/m? 


(b) Dead and Superimposed Loads 


(i) Characteristic superimposed load, Q, = 0.6 kN/m? 
(assumes snow load not critical). (Assuming no access 
to roof, other than for cleaning or repair, in accordance 
with BS 6399, Part 3.) 


(ii) Characteristic dead load, G,: 


Assume: metal decking =0.18kN/m? 
felt and chippings = 0.30 kN/m? 
owroofbeams =0.19kN/m? 
Total G, = 0.67 kN/m? 


13.8.4 Design Loads 


The critical loading condition to be considered for such a 
wall is usually (wind + dead) only, although the loading con- 
dition of (dead + superimposed + wind) should be checked. 


Design dead load =0.9G, or 1.4G, 
Design wind load = 1.4W,, 


Therefore, by inspection, the most critical combination of 
loading will be given by: 


Design dead load = 0.9 x 0.67 = 0.603 kKN/m? 


Design wind loads: 

Pressure, from W,, =14x0.678 =0.949kN/m2 

Suction, from W,, =14x0.411 =0.575kN/m2 

Uplift, from W,, =14x0.535 =0.749kN/m2 

Resulting design dead-uplift = 0.603 — 0.749 =—0.146 kN/ m? 
(suction uplift) 


13.8.5 Design Cases (as shown in 
Figure 13.42) 


Inner leaf offers minimal resistance and is ignored in cal- 
culations apart from assisting stiffness of flange in bending. 


Note: Vertical loading is from own weight of effective 
section less the suction uplift. 


13.8.6 Deflection of Roof Wind Girder 


The wall is designed as a propped cantilever and utilises 
the fins bonded to the outer leaf to act as vertical T beams 
resisting the flexure. 


The prop to the cantilever is provided by a wind girder 
within the roof decking system (the design of the wind 
girder is not covered by this book). The reactions from 
the roof wind girder are transferred into the transverse 
gable shear walls at each end of the building. Horizontal 
deflection of the roof wind girder, reaching a maximum at 
mid-span, has the effect of producing additional rotation at 
base level (see Figure 13.43) and this results in a less critical 
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Figure 13.42 Design load cases 
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Figure 13.43 Deflection of roof wind girder 
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Figure 13.44 Bending moment diagram for wall panel 


stress condition. However, the critical stress conditions are 
generally experienced in the end fins where the roof wind 
girder deflection is a minimum. 


13.8.7 Effective Flange Width for T Profile 


The dimensional limits for the effective length of the wall 
permitted to act as the flange of the T profile are given in 
BS 5628, clause 36.4.3 (b), as 6 x thickness of wall forming 
the flange, measured as a projection from each face of the 
fin, when the flange is continuous. In this design example, 
as will be the general case in practice, the wall forming 
the flange is the outer leaf of a cavity wall, as defined in 
BS 5628, clause 29.1.1. It is, therefore, reasonable to take 
advantage of the stiffening effect of the inner leaf in resist- 
ing buckling of the outer leaf, when acting as the flange of 
the T profile. The effective flange length, measured from 
each face of the fin, is therefore calculated as 6 x effective 
wall thickness. 


Thus, for an assumed fin width of 327 mm: 


Effective wall thickness = : (102.5 + 102.5) 
=137 mm 


Effective flange width =(6 x 137) +327 + (6 x 137) 
=1971 mm 


13.8.8 Spacing of Fins 


The spacing of fins has been discussed earlier — but one 
aspect only, the capacity of the wall panel to span between 
the fins, is considered here. 


There is no doubt that the support provided for the wall 
panel at foundation level will assist in resisting the flexure 
due to wind forces. However, this assistance will diminish 
at the higher levels of the wall panel, and for this example 
the wall should be designed to span purely horizontally 
between the fins. 


The wall panels are taken as continuous spans and the max- 
imum bending moments are shown in Figure 13.44. 


The maximum moment is W,,L?/ 14 at the edge of the fins, 
for an assumed fin width of L,/10. 


Design bending moment = 


WL? 0.949 x L? 
1 14 
= 0.068 L? 


W,4L?/12 at ¢ of fin 


W,4L?/14 at edge 
of fin 


From BS 5628, clause 36.4.3: 


fixZ 


Design moment of resistance = 
Ym 


where 


fi. for water absorption 7% to 12% set in designation (iii) 
mortar = 1.10 N/mm? 
2x 0.1025? x 1.0 
6 
Ym from BS 5628, Table 4b (see Table 5.11), special cate- 
gory of construction control is applicable = 2.5 


= 0.0035 m3 


Z fortwo leaves = 


Therefore 


1.10 x 0.0035 x 10° 


Design moment of resistance = 
2.5 x 10° 


=1.54kNm 
From this check maximum span of wall panel. 
Design moment = design moment of resistance 


ie. 0.068 L?= 1.54 
1.54 , : : 
therefore L,= / [254 =4.75 m=maximum fin spacing 


A fin spacing of 4.05 m is acceptable (see Figure 13.45). 


13.8.9 Trial Section 


It has been found in practice that a trial section can be rea- 
sonably obtained by providing a section which has a stabil- 
ity moment of resistance MR,, at the level of M,, equal to 
Wi Leh 2/8 under wind pressure loading W,,, ie. when 
rotation at the base of the wall is about the face of the flange. 
For the purpose of the trial section assessment, the stability 
moment of resistance can be simplified to Qh in which: 


Q = trial section coefficient from Table 13.1 
h=height of fin wall. 


effective flange 
1971 


Figure 13.45 Profile of trial section — fin section ‘J’ 
(Table 13.1) 


300 t 


327 — 
4050 c/c T 


1115 
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Therefore 


Woalgh _ 
8 


Qh 


0.949 x 4.05 x 8? _ 
gee 


8Q. 


Therefore ©=3.843kN m/m height of wall 
From Table 13.1, select fin wall profile J’. 


Note: It is important that this trial section coefficient is used 
only for the selection of the trial section. A thorough struc- 
tural analysis must always be carried out. 


13.8.10 Consider Propped Cantilever Action 
With 4.050 m fin centres, design wind loads on fins are (see 
Figure 13.46): 


(a) Case (1), Pressure 


Wi Lb, = 0.949 x 4.05 = 3.843 kKN/m of height 


(b) Case (2), Suction 
WoL; = 0.575 x 4.05 = 2.329 kN/m of height 


Assuming MR is greater than W,,L,h?/ 8 and zero deflec- 
tion of the roof prop, the following BM diagrams can be 
drawn: 


(a) Case (1) (Figure 13.47) 
9W,4L,h* _ 9x 3.843 x 8? 


Wall moment, M,, = 
128 128 
=17.29kN m 
2 2 
Base moment, M,, = WLhte _ 3.843. x8 
8 8 
=30.74kN m 


Wy; = 3.843 kN/m 
of height 


ZL Z\+— 


Wye = 2.329 kN/m 
of height 


case (1) pressure case (2) suction 


Figure 13.46 Wind loadings 
= 3h/8 =3m 
= prop 
2 
oO 
M —_>| 
E Ww 
3 h=8m 
a 
ise) 
wt 
0 
3 — 
Mp 
initial BM diagram 
Figure 13.47 Case (1) pressure 


3h/8 =3m 


tie 1 
os | h=8m 
le—o 
M, 


initial BM diagram 


2.329 kN/m of height 


Figure 13.48 Case (2) section 


(b) Case (2) (Figure 13.48) 


2 
Wall moment, M,, = eit: 
128 
_ 9x 2.329 x 8? 


128 
=10.48 kN m 


W,5L,h? 
Base moment, M,, =—“—— 


_ 2.329 x8? 
8 


=18.63 kN m 


The bending moment diagrams shown in Figures 13.47 and 
13.48 are applicable only if it can be shown that the stability 
moment of resistance of the ‘cracked section’ MR, at dpc 
level exceeds W,,L; h?/8. This should be the first check to 
be carried out, and if MR, is less than W,,L; h?/8 the base 
moment is limited to MR, and the BM diagram must be 
redrawn plotting the free moment diagram onto the fixed 
end moment diagram which is produced by MR, (see 
Figure 13.55). 


13.8.11 Stability Moment of Resistance 


Clause 36.9 of BS 5628, Part 1 gives rules for determining 
the moment of resistance for propped cantilever walls for 
single-storey buildings under wind loading. Invariably, 
as is the case with this design example, there will be a 
damp proof course at or near the base of the wall. Few 
dpcs are capable of transmitting much flexural tensile 
stress across the bed joint, and in accordance with the re- 
quirements of the Code the analysis considers the ‘cracked 
section’. 


Appendix B of BS 5628 discusses the application of a rectan- 
gular stress block under ultimate conditions, and the stabil- 
ity moment of resistance MR, at the level of M, can be 
assumed to be provided by the axial load in the fin section 
acting at a lever arm about the centroid of the rectangular 
stress block, as shown in Figure 13.49. 


13.8.12 Allowable Flexural Compressive 
Stresses, Pp. Taking into Account 
Slenderness, B, and Material, y,, 


Before the stability moment of resistance MR, can be com- 
pared with the assumed base moment, M,, of WL, 17/8 
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axial load 
in fin 


overturning 


ee moment 


stress diagram —| kt 


the minimum width of wall is fully stressed to 
produce the maximum lever arm for the axial 
load in the fin to generate the stability 
moment of resistance MR, 


Figure 13.49 Generation of MR, - fin wall 


consideration must be given to the criteria affecting the 
allowable flexural compressive stresses, p,,,,, aS this value 
dictates the stability moment of resistance. This is demon- 
strated in Figure 13.49, in which the mechanism producing 
the stability moment of resistance MR, is shown. 


case (1) pressure 


prop flexural compression 


Lae here 


flexural 
compression 
here 


“ITTTTTA 


fin elevation 


This flexural compressive stress can become significant and 
must be checked, taking into account the tendency of the 
flange or fin to buckle at the point of application of the 
stress. 


There is limited guidance given in BS 5628 on the effect 
of slenderness on the flexural compressive strength of 
masonry. This is because the flexural strength of masonry is 
assumed to be limited by the flexural tensile stresses — 
which is, perhaps, true of panel walls and the like, but not 
of the analysis of more complex geometric forms such as 
the fin wall. 


The approach to the consideration of slenderness and 
flexural compressive stresses which follows is believed to 
provide a safe and practical design. It is expected that cur- 
rent research will allow more sophisticated analysis to be 
developed. 


Identification of problem: 


Case (1) pressure, showing zones of maximum values of 
flexural compression (Figure 13.50). 
Case (2) suction, showing zones of maximum values of 
flexural compression (Figure 13.51). 


varies 3h/8 
and greater 


My, 
aia, 


point of contraflexure 


BM diagram 


Figure 13.50 Case (1) pressure, showing zones of maximum values of flexural compression 


case (2) suction 


tie <——_ 
flexural 
compression 
here ——~\{ 
flexural compression 
here 
ATTTTTT 
fin elevation 


Figure 13.51 


varies 3h/8 and greater 


al Me | ny 
point of contraflexure 
Net 
M, 


BM diagram 


Case (2) suction, showing zones of maximum values of flexural compression 
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<— fin 


re raft 
foundation 


Figure 13.52 Foundation detail 


Considering the wind suction loading, case (2), flexural 
compression is applied to the flange of the T profile at the 
level of M,,. The buckling stability of the flange is provided 
by the projecting fin and, therefore, the effective length of 
the flange, for slenderness considerations, can be taken as 
twice the outstanding length of the flange from the face of 
the fin. Furthermore, if the flange is properly tied to the 
inner leaf of the cavity wall, the effective thickness of the 
flange, for slenderness considerations, can be taken as two- 
thirds the sum of the thicknesses of the two leaves of the 
cavity wall. 


Flexural compression is also applied to the end of the pro- 
jecting fin at the level of M,. For this design example, the 
foundation is assumed to comprise a reinforced concrete 
raft slab, as shown in Figure 13.52. The flexural compres- 
sion applicable at this level is not influenced by slenderness 
considerations as the raft foundations can be assumed to 
provide full lateral stability. 


Slenderness at this level would require careful considera- 
tion if the fin foundation was at a greater depth below 
ground level. 


Considering the wind pressure loading, case (1), flexural 
compression is applied to the end of the projecting fin at the 
level of M,,. 


The buckling stability of the fin cannot be considered to be 
fully provided by the flange of the T profile, as the flange is 
not of comparable lateral stiffness to the fin and would tend 
to rotate in attempting to prevent the fin buckling. Rather, it 
is considered that the slenderness of the fin should relate 
partly to its height and, as the full height of the fin would be 
over-cautious, it is proposed that the height between points 
of contraflexure would provide adequate safety. The effect- 
ive thickness of the fin for slenderness considerations is 
taken as the actual thickness. 


The design flexural compressive stress p,,,, can therefore be 
expressed as: 


1.1Bf, 


Pube = 
ib Yon 


where 


Pubc = design flexural compressive stress 
B =capacity reduction factor derived from slenderness 
ratio 
f,, = characteristic compressive strength of masonry 
Ym = Partial safety factor for materials. 


With the lateral restraint provided by the raft foundation at 
M,, level, B can be taken as 1.0. Therefore, p46 = 1-1f,/Y%m at 
M, level (see Figure 13.52). 


For this example: 


f,=941 N/mm, based on 41.5 N/mm? bricks set in a 
designation (iii) mortar from BS 5628, Table 2(a) (see 
Table 5.4) 

Ym= 2-5, as previously shown. 


Therefore: 


_ 111x941 


ubc 


=4.14N/mm?2 


13.8.13 Calculate MR, and Compare with M, 


(a) Consider Case (1) Pressure 
From Table 13.1, ow = 10.662 kN/m height. Therefore: 


Design axial load in fin at M, = 0.9 x 10.662 x 8 
= 76.77 kN 


Min. width of stress block = exceed ra 


flange width x p,,, 


_ 76.77 x 103 
~ 1971x4.14 


=94mm _ (see Figure 13.53) 
=10mm, say 


Lever arm = 397 — * =392 mm 


MR, = 76.77 x 0.392 = 30.09 kN m 
The stability moment of resistance is shown to be less than 


M, = W,L¢h2/8 =35.42 kN m. 


The base moment should therefore be limited to the value 
of stability moment, MR, = 30.09 kN m, and the bending 
moment diagram adjusted accordingly. 


(b) Consider Case (2) Suction 


From Figure 13.54, it is evident that the stability moment of 
resistance is provided by the flexural compressive stress at 
the end of the projecting fin, thus: 


_--+, fotation to 
- * produce MR, 
397 at base 


Pubo = 3-764 N/mm? 


ae 


width of stress 
block = 10 mm 


stress diagram 


Figure 13.53 Stress diagram for case (1) pressure 
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rotation to 
produce MR, ____ 
atbase °” 4 
718 
pe kN 


la 
76.77 kN yu | Dube = 4.14 N/mm? 


+e 


width of stress 
block = 56 mm 


stress diagram 


Figure 13.54 Stress diagram for case (2) suction 


Min. width of stress block = anatloaden na 
fin width x py yp. 


_ 76.77 x 10° 
~ 327x4.14 


=56mm (see Figure 13.54) 


Lever arm = 718 — ~ =690 mm 


MR, = 76.77 x 0.69 = 52.74 kN m 
As this is greater than M,, = 22.56 kN m (see Figure 13.48), 
use M, in the design of the fin section. 


13.8.14 Bending Moment Diagrams 


(a) Case (1) Pressure (see Figure 13.55) 
MR, (calculated) = 30.09 KN m. 


Find M,, from zero shear 


Prop= 3.843 x 8 - ae 
2 8 


=11.61kN 


Zero shear = ee 3.02m from top 
3.843 


2 
M,, = (11.61 x 3.02) - co x = 


= 35.06 — 17.52 
=17.4kNm 


prop 


=> 
M, 3.02 m 
6.042 m h=8m 
> 
MR 


3.843 kN/m of height 


point of 
contraflexure ‘Y""'s 


design BM diagram (adjusted) 


Figure 13.55 Design BM for case (1) pressure 


3h/8 =3m 


tie 
ae 
M, 
h=8m 
|~—+| 
b 


Design BM diagram 


2.329 kN/m 


Figure 13.56 Design BM for case (2) suction 


Adjustment is made to BM diagram to take account of 
MR, being less than W,L;h’/8, i.e. M,, and therefore base 
moment limited to MR, with M,, calculated by superimpos- 
ing the free BM diagram onto the stability moment diagram 
produced by MR, at base. 


(b) Case (2) Suction (see Figure 13.56) 
_9WroLh? _ 9x 2.329x 8? 


w 128 128 
=10.48kN m 
W,,L,h2 2.329 x 8? 
My=—N 
=18.63kN m 


No adjustment is necessary to BM diagram as MR, is 
greater than WoL, h?/ 8, ie. M,, and therefore maximum 
M,, occurs at (3/8)h from top of wall. 


13.8.15 Consider Stresses at Level of M,, 


The stress considerations at the level of the maximum wall 
moment assume triangular stress distribution, using elastic 
analysis, but relate to ultimate stress requirements at the 
extreme edges of the fin or wall face, depending on the 
wind direction considered. For compressive stress condi- 
tions, this gives a conservative solution. Compliance with 
clause 36.9.1(b) of the Code is considered inappropriate 
and impractical — see section 6.10 for discussion. 


(a) Case (1) Pressure (see Figure 13.57) 


Properties of effective wall section from Table 13.1, are 
as listed below, except that own weight (ow) of effective 


fuot — 0.045 N/mm? 
fine + 0.0234 N/mm? 


Figure 13.57 Stress diagram at M,, for case (1) 
pressure 
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fut 0.061 N/mm? 
fubc + 0.112 N/mm? 


Figure 13.58 Stress diagram at M,, for case (2) suction 


section at level of M,, = 0.9 x 10.662 x 3.02 = 28.98 kN (no 
uplift on this elevation). 


Flexural stresses at design load: 


16.82 x 10° 
0.094 x 10° 


28.98 x 10° 
=+ te 
© 0.5331 x 10° 


Flexural compressive, f,, 


=+0.054 + 0.18 
=+0.234 N/mm? 


16.82 x 10° 
0.17 x 10° 


28.98 x 10° 
0.5331 x 10° 


Flexural tensile, f,,=+ 


= +0.054 — 0.099 
=-—0.045 N/mm? 
(b) Case (2) Suction (see Figure 13.58) 
Properties of effective wall section from Table 13.1: 


ow of effective section = 10.662 x 3.0 
=31.99 kN at level of M,, 


effective area = 0.5331 m? 
Z minimum = 0.094 m$ 
Z maximum = 0.17 m? 
Design axial load = ow effective section 


+roof dead — roof uplift 


= (y; x 31.99) — (0.146 x =) 


= (0.9 x 31.99) — 2.12 
= 26.67 kN 


Flexural stresses at design load: 


: 26.67 10° 10.48 x 10° 
Flexural compressive, f,,.=+ + 
© 0.5331 x10° 0.17 x 10° 
=+0.050 + 0.062 
=0.112 N/mm? 
3 6 
Flexural tensile, f.,=+ abo) sil see 
0.5331 x 10° 0.094. 10? 
=+0.050-0.111 
=-0.061 N/mm? 


13.8.16 Design Flexural Stress at M,, Levels 


Design flexural tensile stress, p,,,, (taking account of mater- 
ials partial safety factor, y,,,): 


Pubt = fix (from BS 5628, clause 36.4.3) 


where 


fix = 0.4 N/mm’ for bricks with a water absorption of 7% 
to 12% 
Ym = 2-5 as previously shown. 


Therefore 
Pup = 0-4/2.5 = 0.16 N/mm? 


By comparison with the f,,,, values calculated and shown in 
Figures 13.57 and 13.58, the wall is acceptable. 


Design flexural compressive stress, p,,. 


_ 1B, 


ubc 
Ym 


Calculate respective B values for case (1) and case (2) load- 
ings at level of M,,. 


(a) Case (2) Suction (Flange in Compression at M,, Level) 


2 x flange outstanding length 


Slenderness ratio = - - 
effective thickness 


1971 — 327 
2 x | —————_ 
(2/3) (102.5 + 102.5) 


=12 


The stressed areas can be considered as axially loaded, 
therefore e, = 0. Thus since SR = 12 from BS 5628, Table 7, 
B = 0.93 (see Table 5.15). 


Therefore 


_ 1.10.93 x 9.41 
Pube= 25 


=+43.85 N/mm? 


(b) Case (1) Pressure (End of Fin in Compression at M,, 
Level) 


effective height between 


Sietdnetesshe points of contraflexure 
ios 


actual thickness 


(The effective height used is the height between points of 
contraflexure which does not exactly accord with BS 5628, 
Part 1 which only appears to recognise enhanced restraints 
at each end or simple supports at each end, ie. H,, = 0.75h 
or 1.0h.) 


42 
= cece (see Figure 13.55) 
327 


= 18.48 


Therefore B=0.75 from BS 5628, Table 7 (see Table 5.15) 
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Therefore 


_ 1.10.75 x 9.41 


Pisbé a =+3.10 N/mm? 


By comparison with the f,,,, values calculated and shown in 
Figures 13.57 and 13.58, the wall is acceptable. 


13.8.17 Consider Fins and Deflected 
Roof Prop 


It is evident that the deflection of the roof wind girder 
induces additional rotation at the level of M,. 


In this design example, the MR, limited the moment at 
the base under wind pressure loading, and the additional 
rotation will not alter the design bending moment diagram 
shown in Figure 13.55. The base moment for wind suc- 
tion loading, when the roof support does not deflect, is 
WLI? /8. But, as the deflecting roof support induces fur- 
ther rotation at base level, the section cracks and takes full 
advantage of the stability moment of resistance, MR,. The 
revised design bending moment diagram for this condi- 
tion, when compared with Figure 13.56, is shown in Figure 
13.59. The reduced wall moment value is obviously accept- 
able, while the increase in the moment at base level is also 
shown (Figure 13.54) to be acceptable. However, this should 
be fully checked if slenderness reductions are applicable at 
this level. 


Suggested Design Procedure 


After some experience, a competent designer will be able 
to shorten the design process considerably. A suggested 
design procedure for the wall is as follows: 


(1) Calculate wind loadings. 
(2) Calculate dead and imposed loadings. 
(3) Assess critical loading conditions. 
(4) Select trial section. 
(5) Calculate stability moments, MR,, at base. 
(6) Calculate position of maximum wall moments. 
(7) Calculate magnitude of maximum wall moment, M,,. 
(8) Check compressive stress at base level. 
(9) Check loadings and stresses at levels of M,,. 
(10) Select brick and mortar strength required. 


1.63 m 


tie 4.535 kN 


My = 3.696 kNm 


point of contraflexure 


+ 


MR, = 52.74 kNm 


Figure 13.59 Bending moment diagram for deflected 
roof wind girder condition 


13.9 Diaphragm Wall: Structural Design 
Considerations 


13.9.1 Determination of Rib Centres, B. 


The centres of the ribs are governed by the following 
conditions: 


(a) the outer leaf acting as a continuous horizontal slab, 
subject to wind load, supported by and spanning 
between the ribs (see Figure 13.60). 

(b) as a wall liable to buckling under vertical load, the 
effective length of the wall being determined from 
either the vertical height or the length measured between 
adjacent intersecting walls, BS 5628, clause 28.3.2, i.e. 
the ribs (see Figure 13.61). 

(c) leaf and rib acting together to form an I section. The 
length of the flange of the I beam being restricted in a 
similar way to that of a concrete T beam, the require- 
ment being that it should not exceed: 

(i) one-third of the effective span of the I beam, 

(ii) the distance between the centres of the ribs of the I 
beam, 

(iii) the breadth of the rib plus 12 times the thickness of 
the flange (see Figure 13.62). 

(d) if the ribs are spaced too widely, there will be shear fail- 
ure between the ribs and the leaves, particularly where 
using ties (see Figure 13.63). 


Figure 13.60 Wall spanning between ribs 


intersecting walls 


Figure 13.61 Wall restrained by ribs 


restricted flange 
width 


cls ene 


Figure 13.62 Rib and leaf acting as | beam 
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possible 
shear failure 


Figure 13.63 Shear failure between rib and leaf 


Calculating the rib centres from these conditions gives: 


Case (a) 


Y= partial safety factor on loads 
WB; 
10 


M, due to wind =y, 


2 
Z per m height = ae 


(where T is thickness of leaf) 
Assume that the category of construction control is special 
(BS 5628, clause 27.2.2.2) then, from BS 5628, Table 4b, y,,, for 
the brickwork = 2.5 (see Table 5.11). 


Assuming bricks with a water absorption greater than 12%, 
set in a designation (iii) mortar, from Table 3 of BS 5628 for 
plane of failure perpendicular to bed joints (i.e. leaf of a 
wall spanning horizontally between ribs): 


fy = characteristic flexural strength, say 0.9 N/ mm? 


=900 kN/m? 
Design flexural tensile stress, frox = ae kN/m?2 
=360 kN/m? 
Example: 


Characteristic wind pressure, W,, = 0.573 kN/ m? 
Thickness of leaf, T =102.5mm 
B, =spacing of ribs 


Consider 1 metre height of wall 


W,B2_ 1.4.x 0.573 x B2 
10 10 


My=5 = 0.08 x B? kN m 


_1xT?2_1x0.1025? 
=== 


Z =1.75 x 103 m? 


Design MR= fio 


Therefore 


0.08 x BI=a 1.75 x 103 


B,=2.8m 


Case (b) 


Maximum slenderness ratio = 27, Table 7, BS 5628 (see 
Table 5.15), i.e. 


B, =27 

rr 
therefore 

B,=27 x 0.1025 = 2.76 
Case (c) 


The requirement is that the breadth of the flange assumed 
as taking compression should not exceed the least of the 
following: 


(i) one-third of the effective span, i.e. h, 

(ii) the distance between the centres of the ribs, i.e. B,, 

(iii) the breadth of the rib plus 12 times the thickness of the 
flange. 


Then the maximum flange width is the least of h/3, B, or 
[12 x T) + t,] Figure 13.64), where lt = height of the wall. 


Example: 


Let h (height) =6 mand T=f,=102.5 mm, then 


B= 2 or [(12x 102.5) + 102.5] 


Di 


=2m or 1.33m 


Case (d) 


The shear resistance can be obtained either by bonding 
every alternate course of the rib into the leaf, or by using 
metal ties (see Figure 13.65). 


From the four cases considered, (a), (b), (c) and (d), the lim- 
iting dimension for the spacing of the ribs is given by case 
(c) as 1.33 m. Clearly, for the majority of diaphragm walls, 


a 


Figure 13.64 Effective length of diaphragm 


—— | — 


=| | 


Figure 13.65 Shear ties between ribs and leaves 
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D=0.4to0.7m 


Figure 13.66 Wall profiles for typical diaphragm wall 
structures 


constructed of half-brick ribs and leaves throughout, this 
will generally be the limiting dimension for the rib spacing. 
From experience, with wind forces around 0.6 kN/ m? and 
heights of 8 m, it has been found that the rib spacings 
should be at about 1.0 m to 1.25 m centres. 


B, = (6 x 215) + 


(7x 10) + 


13.9.2 Depth of Diaphragm Wall and 
Properties of Sections 


Within reason, the greater the depth of the wall, the greater 
is its resistance to wind forces. If the wall width becomes 
too large, the buckling of the cross-ribs may become critical 
and this would need careful consideration. Increase in 
depth also improves the wall’s slenderness ratio, and thus 
its axial loadbearing capacity. From experience, with the 
wind forces and wall heights mentioned above, the section 
needs to be 0.4 m to 0.7 m deep (Figure 13.66). 


Breadths and depths of diaphragm walls are governed 
mainly by brick sizes and joint thicknesses. The engineer is 
free to design the diaphragm best suited to his project, and 
Figure 13.67 shows some typical breadths and depths, 
found useful in practice, based on the standard brick. 
Calculations for a typical section are below: 


[(bricks) + (joints) + (rib)] 


(2 x 0.5 x 102.5) = 1.4625 


b, = 1.36 m 


B, = 1.2375 m 
b, = 1.135 m 
B, = 1.0125 m 


= iE = 4 


rib spacings 


a S=[P< 
i b, = 0.91 m 


=—| 


d=0.235 m D=0.44m 


1 


575 m 


—l 


common depths 


Figure 13.67 Typical diaphragm wall profiles 
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B.=[(4x 215) + (6 x 10) + (2x 1/2 x 102.5)] x 10°3= 1.0125 m The values per metre length of the wall are: 
= = -3 4 
b, = 1.0125 —0.1025 = 0.910 m dima ak cng cae 
Z = 28.23/1.0125 = 27.88 x 10-3 m? 
D=[(2x215) +10] x 10-3 =0.440 m A=0.232/1.0125 = 0.229 m? 
d=0.440 — (20.1025) = 0.235 m The section properties shown above, and others for a range 
of walls likely to be required, are given in Table 13.2. 
BD> bd 
= - 23d nese 
oo 13.9.3 Shear Stress Coefficient, K, 
e It is necessary to check the shear stress at the junction of the 
a2 _ 6A1x10™ _ 28.23 x 10-3 m3 rib and leaves (Figure 13.68). 
y 044x0.5 
VAY 
Design vertical shear stress, v,, = a 
A=B,D-b,d= (1.0125 x 0.44) — (0.91 x 0.235) = 0.232 m? It, 
Table 13.2. Diaphragm wall section properties 
Section Dimensions Section properties per diaphragm 
D(m) d(m) B,(m) b,(m) 1(10-3 x m4) Z (10-3 x m3) A (m2) 
1 0.44 0.235 1.4625 1.36 8.91 40.49 0.324 
2 0.44 0.235 1.2375 1.135 7.55 34.32 0.278 
3 0.44 0.235 1.0125 0.91 6.21 28.23 0.232 
4 0.5575 0.352 1.4625 1.36 16.18 58.04 0.337 
5 0.5575 0.352 1.2375 1.135 13.74 49.29 0.290 
6 0.5575 0.352 1.0125 0.91 11.31 40.57 0.244 
7 0.665 0.46 1.4625 1.36 24.81 74.62 0.347 
8 0.665 0.46 1.2375 1.135 21.12 63.52 0.301 
9 0.665 0.46 1.0125 0.91 17.43 52.43 0.254 
10 0.7825 0.5775 1.4625 1.36 36.56 93.45 0.359 
11 0.7825 0.5775 1.2375 1.135 31.18 79.69 0.313 
12 0.7825 0.5775 1.0125 0.91 25.82 66.01 0.267 
13 0.89 0.685 1.4625 1.36 49.46 111.14 0.37 
14 0.89 0.685 1.2375 1.135 42.4 95.3 0.324 
15 0.89 0.685 1.0125 0.91 34.86 78.34 0.278 
Section Section properties per metre length Shear stress Trial section stability moment 
coefficient, coefficient, K, (KN/m), 
1(10-3 x m4) Z(10°3 x m3) A (m2) K, per m2 density = 20 kN/m? 
1 6.09 27.69 0.222 27.74 0.835 
2 6.10 27.73 0.225 27.66 0.846 
3 6.13 27.88 0.229 27.51 0.862 
4 11.06 39.69 0.230 20.50 1.097 
5 11.10 39.83 0.234 20.44 1.116 
6 11.17 40.07 0.241 20.34 1.149 
7 16.96 51.02 0.237 16.56 1.347 
8 17.07 51.33 0.243 16.46 1.381 
9 17.21 51.77 0.251 16.37 1.426 
10 24.99 63.90 0.245 13.60 1.640 
11 25.19 64.40 0.253 13.49 1.692 
12 25.50 65.20 0.264 13.33 1.766 
13 33.82 76.00 0.253 11.64 1.926 
14 34.26 77.01 0.262 11.49 1.994 
15 34.43 77.37 0.274 11.44 2.085 


Note: For sections 1, 4, 7, 10, 13 the flange length slightly exceeds the limitations given in BS 5628, clause 36.4.3(b). These sections 
have been included since they are the closest brick sizes to the flanges recommended in the Code. If the designer is 
concerned at this marginal variation, he may calculate the section properties on the basis of an effective flange width 


of 1.33 m. 


206 Structural Masonry Designers’ Manual 


Figure 13.68 Shear stress distribution diagram 


where 


V = design shear force 
A=B,xT 

d T 
=—+— 

2 2 


I 


Then design vertical shear stress at XX, 


_ VxB,xT@/2+T/2) 
Txt, 


On 


Generally, T=t,=0.1025 m. 


Therefore 
B ; 
20K d 0.1025 
2 2 
Let 
B ; 
ae d ‘ 0.1025 
I\2 2 
Then v, = K,V. 
For section 3, Table 13.2 


1.0125 [ozs ug) ‘ 
‘aad t per m 


6.21x103| 2 


Values of K, for other sections are given in Table 13.2. 


It should be noted that the constant K, has been calculated 
on the assumption that both ribs and leaves are constructed 
in half-brick walls — the derivation of K, would require 
adjustment for varying thicknesses of composition. 


13.9.4 Trial Section Coefficients, K, and Z 


Owing to the symmetrical profile of the diaphragm wall, a 
more direct route to a trial section has been devised and 
considers the two critical conditions which exist in the 
‘propped cantilever’ action of the analysis. 


Condition (1) exists at the base of the wall where the 
applied bending moment at this level must not exceed the 
stability moment of resistance of the wall. 


Condition (2) exists at approximately (3/8) down from 
the top of the wall where the flexural tensile stresses are a 
maximum and must not exceed those allowable through 
calculation. 


Consider the two conditions. 


Condition (1) 


The trial section analysis is simplified by assuming that the 
dpc at the base level cannot transfer tensile forces and that 
the mass contributing to the MR, comprises only the own 
weight of the masonry, 


2 
BM at base level = ee (13.1) 
(see section 13.5.5 for lever arm). 
MR, at base level 
=area x height x density x y; x 0.475D 
=0.475(A xh xy, x D x density) (13.2) 


Equating (13.1) and (13.2) gives: 


2 
ue < 0.475 (Axhxy, x D x density) 


y, for wind and dead loads will be taken as 1.4 and 0.9 
respectively. 


Hence, 0.175 W,h? < 0.4275 (A xh x D x density) 
now let K, = 0.4275 x A x D x density 


then 
WA S5.714K, 
and h< otis (13.3) 
WwW, 
Condition (2) 


The trial section analysis is simplified by assuming that 
flexural tensile stresses control, y,,, is taken as 2.5 and f,, as 
0.4 N/mm? 


2 
BM at (3/8)h level = 2a (13.4) 
128 
MR= [4s + a}? (13.5) 
Ym 


Equating (13.4) and (13.5) gives: 


2g fox 4 9 Z 
128.  \y °F 


9x14x« W, xi? Z 0.4 x 103 4 eX 20x3xh), 
128 2.5 8 


0.098W,h, < (160 + 6.75h)Z 
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W, = 0.4 


W, = 0.5 
W, = 0.6 


W, = 0.7 
W, = 0.8 


W, = 0.4 
W, = 0.5 


W, = 0.6 
W, = 0.7 
W, = 0.8 


5 10 15 20 25 


30 35 40 45 50 


section modulus Z (10-°m*/linear metre) 


Figure 13.70 Trial section Z modulus 


_ 0.098W,h2 
160 +6.75h 


we 


(13.6) 
1600 + 67.5h 


Two graphs have been plotted for equations (13.3) and 
(13.6) and for various values of W,, which are shown in 
Figures 13.69 and 13.70. 


For a known wall height and wind pressure, values of K, 
and Z may be read off the graphs and, using Table 13.2, the 
most suitable section can be obtained for full analysis. It 
should be remembered that the two trial section graphs 
have been drawn assuming fixed conditions for a number 
of variable quantities which are summarised thus: 


(a) the wall acts as a true propped cantilever, 

(b) the dpc at the base of the wall cannot transfer tension, 

(c) the vertical roof loads (downwards or uplift) are ignored, 

(d) y,, is taken to be 2.5, 

(e) f,, is taken to be 0.4 N/mm’, 

(f) the density of masonry is taken to be 20 kN/ m°, 

(g) K, values are calculated using an approximated lever 
arm method. 


The trial section of graphs must be used only for the pur- 
pose of obtaining a trial section and a full analysis of the 
selected section must always be carried out. 


13.10 Example 2: Diaphragm Wall 


13.10.1 Design Problem 


A warehouse measuring 30 m x 60 mand 8 m high is shown 
in Figure 13.71 and is to be designed in brickwork, using 


roof plate 


aes 


60m 
30m 


Figure 13.71 Diaphragm wall design example 2 


diaphragm wall construction for its main vertical structure. 
There are no substantial internal walls within the building 
to provide any intermediate support. During construction, 
extensive testing of materials and strict supervision of 
workmanship will be employed. 


This building is likely to be considered as Class 2A in accor- 
dance with Part A3 of The Building Regulations and as such 
will require horizontal ties as given in BS 5628. 


Facing bricks with a compressive strength of 41.5 N/ mm? 
and a water absorption of 8% will be used throughout the 
building. 


13.10.2 Characteristic and Design Loads 


The characteristic and design loads will be taken as the 
same as those used for the earlier fin wall design example. 
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Figure 13.72 Diaphragm wall section 5 


Characteristic Loads 
(a) Wind forces: 
all as fin wall design, hence 


Pressure on winward wall, W, =0.678 kN/ m2 
Suction on leeward wall, W,. =0.411 kN/m? 
Gross roof uplift, W,, = 0.535 kN /m2 
Uplift, from W,. =0.749 KN /m? 


(b) Dead and superimposed loads: 
all as fin wall design, hence 
Superimposed load, Q, = 0.75 KN/m? 
Dead load, G,, = 0.67 kN/m? 
Design Loads 
Allas fin wall design, hence: 
Design dead loads = 0.9 x 0.67 = 0.603 KN/m? 
Design wind loads: 


Pressure, from Wy, = 0.949 kN/m?2 
Suction, from W,, = 0.575 kN/ m2 


Design dead — uplift =—0.146 kN/m? 


713.10.3 Select Trial Section 


For the wall height of 8.0 m and the characteristic wind load 
of 0.678 KN/m/2, K, = 0.95 kN/m and Z = 20.3 x 10-3 m3 can 
be read from Figure 13.69 and Figure 13.70 respectively. 
Select wall section 5 (wall section 4 could have been used 
also at this stage) and a full analysis using this section 
should then be carried out. 


Wall Properties 


I/m =11.10x103 mé 
Z/m =39.83 x 10-3 m3 
A/m=0.234 m? 
K,  =20.44/m? 


The wall section is shown in Figure 13.72. 


13.10.4 Determine Wind and Moment MR, 
at Base 


Considering 1 metre width of wall: 
2 
Design wind moment at base = 1.4 Wie 


2. 
2 2OE SS. 5 soon an 


The calculated stability moment of resistance at the base is 
found as follows. 


Appendix B of BS 5628 discusses the application of a 
rectangular stress block under ultimate conditions, and the 
stability moment of resistance MR, can be assumed to be 
provided by the axial load in the diaphragm section acting 
at a lever arm about the centroid of the rectangular stress 
block, as shown in Figure 13.73. 


Hence: 


Design dead load at base = 0.9 x 0.234 x 20 x 8 
= 33.70 kN 


Minimum width of _ axial load in diaphragm 
stress block 1000 x Pape 


(13.7) 
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the minimum width of wall 
is stressed to ultimate to 
give the greatest lever arm 
about which the mass of 
the wall generates the 
stability resistance 
moment MR, 


AC INNNAY 


mass of wall + net 
roof load or — roof 


uplift i 
| Pm 
Ale 


minimum width 
of leaf stressed 
to ultimate 


Figure 13.73 Generation of MR, for diaphragm wall 


Now, Pp. = allowable flexural compressive stress = 
1.1Bf,./¥,., with lateral restraint provided by the foundations 
assuming a raft foundation and, as for the fin wall design 
previously, B can be taken as 1.0. Therefore, p,,.= 1-1f,/Vm 
at base level. 


Assuming 41.5 N/ mm? bricks in 1:1:6 mortar then fr 
from Table 2(a) in BS 5628 is 9.41 N/mm’, and assuming y,, 
=2.5 then p,,.= 1.1 x 9.41/2.5=4.14 N/mm. 


Substituting this value in equation (13.7): 


33.70 x 10° 


———— =8.14mm 
1000 x 4.14 


Minimum width of stress block = 


Therefore 


Stability MR = 33.70 x [= _ 0.008 ) 


2 2 


=9,.26kN m=wind moment 
> 7.592 kN m 


It is interesting to compare the calculated value of stability 
moment of resistance MR, with the approximate lever arm 
method suggested earlier (see section 13.5.5). 


Approximate MR, = y; x 20 x 0.234 x 8 x1, 
= 33.701, 


Approximate |, =0.475D 
= 0.475 x 0.5575 
=0.265 m 


Therefore: 
Approximate MR, = 33.70 x 0.265 = 8.93 kN m/m 
which is still greater than 7.592 kN m applied BM. 


Since the stability moment at the base is greater than the 
wind moment, the maximum span moment occurs (3/8)h 
down from roof level. 


9x 0.949 x 82 
128 


=4.27kNm/m 


M,, = wind moment at (3/8)h = 


13.10.5 Consider Stress at Level M,,, 


The stress considerations at the level of the maximum wall 
moment assume triangular stress distribution, using elastic 
analysis, but relate to ultimate strength requirements at the 
extreme edges of the wall face. Compliance with clause 
36.9.1(b) of the Code is considered inappropriate and 
impractical — see section 6.10 for discussion. 


Design axial load at M,, level = 0.9 x 0.234 x 20 x (3/8) x8 
= 12.636 kN 


Flexural Stresses at Design Load 


loa moment 
Stress = + 
area section modulus 
Flexural compressive 
3 6 
= 12.636 x 10 i 4.27 x 10 = 0.054 +0.107 
0.234x10° 39.83 x 10° 
=0.161 N/mm? 
Flexural tensile 
fae = 0-054 — 0.107 
=—0.053 N/mm? 


These stresses must now be compared with the allowable 
flexural stresses at M,, level. 


(a) Allowable flexural tensile stress, 


= tix 


Pubt = 
bt Yn 


where 
f= 0.4 N/mm for clay bricks with a water absorption of 
between 7% and 13% set in 1:1:6 mortar, taken 
from Table 3 of BS 5628, for the plane of failure paral- 
lel to bed joints 
Ym = 2.5, from Table 4(b) of BS 5628 for special construc- 
tion control of structural units (see Table 5.11). 


Therefore 
Puvt= = =0.16 N/mm? 


By comparison with calculated f,,, = 0.053 N/ mm, the 
flexural tensile stresses are acceptable. 


(b) Allowable flexural compressive stresses, p),,,,. 


_ LIB, 


ube 
Ym 


Calculate the value of B. 


It is assumed that the flange of the diaphragm is liable to 
buckle under compressive bending loading. The effective 
length of the flange may be taken as 0.75 times the length of 
the internal hollow box and the effective thickness as the 
actual thickness of the flange, as shown in Figure 13.74. 


In this case, 


0.75 x 1.135 
0.1025 


Slenderness ratio = = 8.30 
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effective thickness = T 
effective length = 0.75 x b, 


Figure 13.74 Stability of diaphragm flanges 


whole of flexural 

*“~\ compression zone 
of fin tends to 
buckle 


Figure 13.75 Buckling of projecting fin 


Further assuming that the stressed areas are concentric- 
ally loaded, i.e. e, = 0, and referring to BS 5628, Table 7 (see 
Table 5.15), B = 0.995 by interpolation. Therefore: 


_ 110.995 x 9.41 


=4.12 N/mm? 
Pube 25 / 


By comparison with calculated f,,, = 0.161 N/ mm, the 
flexural compressive stresses are acceptable. 


The local buckling has been shown to be adequately ana- 
lysed. The possibility of buckling of the overall section, in 
its height, must now be considered. This was shown to be 
a critical design consideration in the design of the fin wall 
because of the unrestrained edge of the outstanding leg of 
the fin from the flange. Figure 13.75 shows that the whole of 
the area in compression due to the bending could buckle in 
the fin wall situation. 


The diaphragm wall, being a symmetrical section, is not 
prone to this mode of failure. The flanges provide adequate 


deflection 
~ <— 
deflected 
—— 
roof prop 


restraint to buckling. The possibility of the full section 
buckling under axial loading is outside the scope of this 
design example (see Chapter 10). 


13.10.6 Consider Diaphragm with Deflected 
Roof Prop 


From Figure 13.76 it is evident that the deflection of the roof 
wind girder induces additional rotation at the level of M,. 


In this design example the stability moment of resistance, 
MR, = 9.26 kN m /m, which is greater than the design wind 
moment at the base = 7.592 kN m/m. 


Thus if the roof prop should deflect, additional rotation 
would occur at base level causing a cracked section and thus 
taking advantage of the full stability moment. The revised 
BM for this condition is calculated below, where it is seen 
that the wall moment is reduced and the wall tends towards 
the free vertical cantilever situation. The position of the 
maximum wall moment occurs at the level of zero shear. 


0.949x8 9.26 


- =2.639 kN/m 


Prop force at top = 


Point of zero shear = ae = 2.78 m from top of wall 


Therefore 


0.949 x 2.787 


M,, = (2.78 x 2.639) - ; 


=3.67kN m/m 


This is obviously acceptable since it is less than previously 
calculated M,, = 4.27 kNm/m, which assumed the 
propped cantilever condition and the base moment being 
limited to y,W,h7/8. 


The increase in the moment at the base level up to the value 
of MR, has also been shown to be acceptable from the ear- 
lier calculations of MR,, although this should be checked 
fully if slenderness reductions are applicable at this level. 
The adjusted bending moment diagram for the deflected 
prop condition is shown in Figure 13.77. 


prop moves due 
to deflection of 
wind girder 


wind 


wall rotates about ee 
leeward edge 


wall rotation 


deflected shape 


Figure 13.76 Rotation of wall for deflected prop condition 
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prop = 2.639 kN 


<— M, = 3.67 kNm 


point of 


-_ contraflexure 


Figure 13.77 Bending moment for deflected prop 
condition 


13.10.7 Calculate Shear Stress 
Reaction at base = shear force, V 


V=(5/8) x 0.949 x 8 
=4.75 kN 


0, = KV 
Therefore 
0, = 20.44 x 4.75 
10° 
= 0.097 N/mm? 
Shear resistance of wall ties: 


This shear stress is to be resisted by flat metal shear ties of 
3 mm x 20 mm cross-section built into the bed joints, and 
their vertical spacing is derived from the formula given in 
section 6.10.1 as: 


12t, sv 
ru = — 


0.87f, 


which, rearranged becomes 


s= Tuy 
13.81,,0 


external 


internal ; 
possible 


intermediate 


cross-rib 


hence 


_ 20x3x250 
13.8 x 103 x 0.097 


=108.8mm_ vertically 


Shear ties are required in every course in each rib at the 
bottom of the wall but can be varied in spacing throughout 
the height of the ribs as the bending moment and shear 
forces reduce, or the cross-ribs could be fully bonded to the 
flanges. 


13.10.8 Stability of Transverse Shear Walls 


The designer should now check the stability of, and stress 
in, the gable shear walls using the principles given in 
Chapter 11. 


13.10.9 Summary 


Section 5 (Table 13.2) is acceptable using standard format 
41.5 N/mm? crushing strength bricks with water absorp- 
tion of 8% set in designation (iii) 1 : 1 : 6 mortar. It is import- 
ant for the designer to appreciate that the example sections 
tabulated are not the only ones which can be considered. 
The depth of the diaphragm and the rib spacing may be 
varied to suit particular requirements. If, for example, the 
architect wished to express the ribs externally at 2.5 m cen- 
tres, this would be achieved easily as shown in Figure 13.78, 
or a normal intermediate rib could be added internally. 


The designer would, however, need to check the capacity of 
the flange to span between the ribs and give greater consid- 
eration to the design B value. In addition, for larger rib 
spacings, the designer should limit the length of the wall 
considered to be acting as the flanges of the box section to 
6 x thickness of the wall forming the flange in assessing the 
section modulus to be used in the design (see BS 5628, 
clause 36.4.3 (b)). 


13.11 Other Applications 


Although diaphragm and fin walls were originally 
developed for use in tall, single-storey, wide-span struc- 
tures, they do have applications in other fields, particularly 
where lateral loading is more significant than axial loading. 


6T 
maximum 


shaded area only | 

to be considered 
‘in design as 
contributing to 
section modulus 


Figure 13.78 Alternative external treatment for diaphragm wall 
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layer of Brickforce or similar diaphragm walls 


every 4th course in the outside 
skin of the outer wall _N 


foundation stepped 
to suit ground 
conditions and 
brick coursing 


retained 
earth 


Figure 13.79 Plan on diaphragm landscape walling 


For example, diaphragms have been used by the authors 
as retaining walls. On one site in particular, which was 
covered with a large quantity of demolition rubble, the 
rubble was used to fill the voids in the diaphragm, and a 
strong and inexpensive mass retaining wall was achieved. 
This wall formed part of a landscaping development scheme 
and is shown in Figures 13.79 amd 13.80. 


Diaphragms and fins are ideal forms for retaining walls and 
other walls which are required to resist comparatively high 
bending moments. They have been used in both plain and 
post-tensioned forms for retaining walls and in tall build- 
ings. Diaphragm walls can also be used as sound deflectors 
on motorways in urban areas. Sound deflectors are pre- 
sently constructed in steel frame, precast concrete or timber 
and it is considered that a diaphragm wall for this purpose 
would be less expensive, certainly more durable, and would 
probably posses greater aesthetic appeal. 


coping to architect’s 
requirements 


300 mm 


102.5 mm facing 
bricks battered back 


ee 1650 mm 
102.5 mm back 
leaf battered at 5° 

bar 
a ie 
R-10 at 250 mm cic 
(main bars) 225 mm 4000 mm 
all R— 10 at 500 mm ae mex 


c/c 


ct { 300 mm 
concrete foundation ee (min) 
designed to suit site 
conditions 


section through full height wall 


rubble and grout fill. 
note: must be well 
packed and grouted in 
layers to give a solid 
mass. Inside faces of 


Masonry has been a traditional choice for use in farm build- 
ings and there is certainly scope to extend its use, by the 
way of diaphragms amd fins for storage bins for grain, 
potatoes, etc. 


Apart from new structures, fin walls have been successfully 
used, by the authors, for strengthening existing buildings. 
The rear wall of a grandstand, which was showing signs 
of instability, was stiffened by bonding into it at pre- 
determined centres, a series of brick fins. The fins were 
designed to resist the excess of loading which the original 
wall was unable to support. A further application was in 
the use of post-tensioned fins to strengthen a retaining wall 
within an existing basement where a change in use of the 
building had resulted in an increased lateral loading on 
the wall, causing it to bulge and crack. The post-tensioned 
brick fin proved easy to construct in an extremely confined 
working space with difficult access and, compared with 
alternative schemes, was shown to be the most economic 
solution. 


The use of fin walls in conjunction with widely spaced spine 
walls provides a potential solution to multi-storey struc- 
tures for use in open-plan office buildings, hospital ward 
blocks and other similar situations where the restrictions 
of cross-wall or cellular construction cannot be tolerated. 
Progressive collapse requirements need to be carefully con- 
sidered in this form of construction (see Chapter 8). 


While the discussion and calculations for the diaphragms 
and fins have dealt only with their effectiveness to resist lat- 
eral loading, they also both possess the correct properties to 
resist axial loading from tall platforms. The capacity of a 
simple wall to support heavy axial loading is significantly 
reduced by its tendency to buckle. If the load is applied at a 
great height, the natural compressive qualities of brickwork 


coping to architect’s 
requirements 


300 mm 


102.5 mm back leaf 


up to battered at 5° 
1650 mm 
102.5 mm facing leaf 
battered back at 5° 
225 mm min concrete foundation 
300 mm designed to suit site 


conditions 


section through wall 
without reinforcement 


cross-ribs at 1463 mm c/c bonded into 
both leaves, ribs 102.5 mm thick 


enlarged wall detail 


brickwork to be left 
rough to assist bond. 


Figure 13.80 Diaphragm landscape walling 
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Figure 13.81 Diaphragm wall section 10 


are not being correctly exploited if, to provide an adequate 
slenderness ratio, the thickness of the wall is simply in- 
creased. This approach results in a wall with low applied 
stresses and high material content. Both the diaphragm and 
fin walls will provide greatly improved slenderness ratios 
and, at the same time, an adequate proportion of masonry 
area to support the axial loading at a more efficient stress 
level. The slenderness ratio of a wall is often expressed as 
the ratio of its effective height to its effective thickness. The 
effective thickness of the plain solid wall is its actual thick- 
ness. The effective thickness of the diaphragm or fin walls, 
assuming that the full section is loaded in each case, may be 
calculated approximately from the radius of gyration giv- 
ing an equivalent solid wall thickness. 


Consider the diaphragm section 10 as given in Table 13.2 
earlier and shown in Figure 13.81. Consider a metre length 


of wall: 
: . I 
Radius of gyration, r= , (4) 


_ | (24.99 x 103 
0.245 


=0.32m 


(13.8) 


For a1 m length of solid wall: 


3 
pelt 
12 
A=1xt 


(13.9) 


Equating (13.8) and (13.9): 


og 


f?=12x 0.322 
t=1.110m 


Hence, the 782.5 mm diaphragm wall, calculated on this 
basis, would be equivalent, for the calculation of slenderness 
ration, to a solid wall of 1110 mm thickness. This is, how- 
ever, an approximate assessment and for design purposes it 
is usually assumed that an effective thickness equal to the 
actual overall thickness should be used until a slenderness 
ratio based on radius of gyration is introduced into BS 5628. 


A worked example of a diaphragm used to support high 
axial loading is given in Chapter 10. 


14 Design of Multi-storey Structures 


The method commonly used in building multi-storey struc- 
tures is to erect a steel or concrete frame and clad it with 
external walls to provide a weather-resistant and dur- 
able envelope. Internal walls are built to form partitions, 
acoustic or fire barriers, party walls, etc., and to enclose 
stair and lift wells. Thus the frame has to carry the loads 
from the roof and floors, and has to be strengthened to 
carry the weight of the walls. When, as is often the case, the 
walls are of brick or block, their compressive strength and 
structural potential are completely wasted. 


In many cases, however, if forethought is given to the plan 
form and the structural layout, the internal and external 
walls can easily be designed to carry not only their own 
weight but also the floor and roof loads, and the cost of a 
structural frame of beams and columns can be saved. 


14.1 Structural Forms 


Crosswalls 


These are mainly used for hotel bedroom blocks, school 
classrooms, student hostels, town houses and other rectan- 
gular buildings with repetitive floor plans. 


Cellular Construction 


This type of construction is principally used for tall tower 
blocks of flats, square on plan. 


Spine Construction 


Spine construction is used where open-plan interiors are 
necessary in office blocks, hospital wards, warehouses and 
similar structures. 


Column Construction 
This is an alternative to spine construction. 


Before discussing the choice and design of structural 
forms (using plane walls, i.e. solid, cavity and piered walls, 
or columns, diaphragm and fin walls), it is convenient to 
establish briefly here, and then to consider in detail, the 
common factors and problems: 


(1) Stability under vertical loading, and from horizontal 
loading (mainly due to wind) on the longitudinal and 
lateral axes of the structure, which must be provided 
for. 

(2) External walls. Restraint of outer leaf of cavity 
walls. This is necessary even when the wall is non- 
loadbearing. 


(3) Provision for services. Early planning of service runs 
is necessary, so that openings in masonry frames can 
be built-in. 

(4) Movement joints. As with other structural materials, 
movement joints must be incorporated in the struc- 
ture. While masonry structures tend to be more resist- 
ant to damage due to movement, it is still necessary to 
install movement joints. 

(5) Vertical alignment of loadbearing walls. For simpli- 
city, speed of construction and cost, walls should 
remain in the same vertical plane from foundations to 
roof. Where, for special reasons, the occasional wall 
cannot be lined up, it is not difficult to accommodate 
such plan changes — though it does tend to increase 
costs. 

(6) Foundations. The foundations for loadbearing masonry 
structures are generally simpler than those for struc- 
tural frames. The loads are spread along walls founded 
on strip footings, so that contact pressures are low. In 
framed structures, loads are often concentrated at the 
column points, so that contact pressures are high. 

(7) Flexibility. Sometimes, over a period of time, there is 
a need to alter structures due to changing functional 
requirements. In many situations, masonry structures 
are more readily adaptable to change than steel or 
concrete frames. 

(8) Concrete roof slab/loadbearing wall connections. 
Insitu concrete roof slabs should not be cast directly on 
to masonry walls. As the roof expands and contracts, 
due to thermal and other movements, the wall will 
tend to crack, particularly at the connection. A sliding 
joint, such as two layers of dpc, should be laid on top 
of the walls before casting the concrete. 

(9) Accidental damage. This topic is discussed in detail in 
Chapter 8. 

(10) Choice of brick, block and mortar. While it is quite 
simple to design every wall in every storey height 
with a different structural masonry unit and mortar, 
this increases the costs, planning and supervision 
of the contract. On the other hand, although the use 
of only one brick or block laid in one class of mortar 
simplifies planning and supervision enormously, it 
may not be the most economical solution overall. For 
example, engineering bricks may be necessary on the 
lower levels of a multi-storey block, but, as these tend 
to be more expensive than the low strength bricks 
which may be adequate on the upper floors, it would 
be uneconomical to use them throughout the struc- 
ture. Thus before making a choice, the cost implica- 
tions should be carefully considered. 


Design of Multi-storey Structures 215 


vertical loading (dead and 


superimposed) | 


wind (longitudinal 2m 


direction) 


\ 


wind (lateral direction) 


Figure 14.1 Main forces acting on a structure 


(11) Large openings/ windows. These are not always easy 
to accommodate without additional framing /restraint 
of wall elements. 


14.1.1 Stability 


Figure 14.1 shows the main forces acting ona structure. 


Vertical Stability 


It is rare for vertical instability, i.e. collapse or cracking of 
walls under vertical loads, to be a major problem — provided, 
of course, the compressive stresses in the masonry are kept 
within the allowable limits and the necessary restraints to 
prevent buckling are provided (see Chapter 7). 


Horizontal Stability 


The wind acts on the external walls or cladding panels 
which transfer the wind force to floors and roof (which can 
act as a horizontal plate) which, in turn, transfer the force 
to the transverse walls (see Figure 14.2). The wind force 
creates racking in the transverse walls, as shown in Fig- 
ure 14.3, but walls are highly resistant to racking action. 
The diagonal tension or racking stresses, which could cause 
cracking, are either eliminated by the vertical compressive 
load on the wall and/or resisted by the allowable tensile 
stresses in the masonry. If the tensile stress should exceed 
the allowable limits, consideration should be given to rein- 
forcing or post-tensioning the walls. 


The stresses at the base of the wall are due to the combined 
effect of the vertical loading and the moment induced by 
the wind force and are determined using the normal elastic 
stress distribution formula (see Figure 14.4): 
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Figure 14.2 Behaviour of structure under lateral 
loading 
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Figure 14.3. Racking action under lateral loading 
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Figure 14.4 Stresses occurring under lateral loading 
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There is usually little danger in multi-storey structures of a 
wall overturning or failing in horizontal shear. 


Multi-storey masonry structures tend to rely for their 
stability on their own weight in resisting horizontal forces 
due to wind. They are not capable, as can be steel or con- 
crete frames, of being considered for design purposes as 
fully rigid frames. In steel or concrete structures, rigid 
frames tend to be necessary to resist lateral wind loading. It 
is not usually possible to develop as much rigidity at the 
junction of masonry walls and concrete floor slabs as there 
can be, for example, between concrete columns and beams. 
However, this is very rarely a difficult problem to over- 
come if sufficient forethought is given to the plan form and 
the structural layout. The use of the walls as shear walls, 
which replace the columns of a framed structure, can result 
ina very rigid design. 


14.1.2 External Walls 


External walls can be solid (sometimes known as single- 
leaf masonry), cavity, piered, diaphragms or fins. It is quite 
common for the outer leaf of a cavity wall, or the face of 
a solid wall, to be in a different quality unit from the inner 
leaf or face. In cavity wall construction, a very frequent 
example is the use of a clay facing brick externally and an 
insulating block internally. Note that in the case of a solid 
wall with different bricks on the outer and inner faces, the 
bricks should have compatible movement characteristics. 


Cavity walls are more popular than solid walls because 
they are more resistant to rain penetration, and have better 


216 Structural Masonry Designers’ Manual 


external leaf ——7»> concrete slab 


/ 


Figure 14.5 Restraint of outer leaf of cavity wall at 
every 12 m height 


thermal insulation properties. However, they are more 
expensive to build, and care and attention must be given to 
the choice and fixing of the wall ties. The outer leaf helps 
to restrain and stiffen the inner loadbearing leaf — but this 
action is only possible with sufficient, good, and durable 
ties. The external leaf should be properly and fully sup- 
ported at every third storey height to prevent it bowing 
out, and to reduce the risk of loosening the wall ties due to 
differential movement of the inner and outer leaves. The 
only exception to this rule is in four-storey buildings, not 
exceeding 12 m in total height, where the restraint may be 
omitted at the designer’s discretion. 


While, to some extent, both leaves carry the wind load, in 
addition to carrying its own weight the inner leaf supports 
most of the floor load. Since the outer leaf tends to carry its 
own weight only, the choice of facing brick or block is not so 
restricted by strength requirements. It has been found that, 
if the inner leaf is overstressed, the creep action in properly 
tied brickwork or blockwork tends to partly redistribute 
the stress to the outer leaf. 


A previously used method of restraining the outer leaf at 
every third storey, as required in BS 5628, was to project the 
concrete slab on to it, as shown in Figure 14.5. 


If the projection of the concrete slab is considered to be 
aesthetically undesirable, brick slips can be used to face the 
edge of the slab. Details of types, fixings, etc., can be found 
in modern text-books on building construction. A typical 
detail is shown in Figure 14.6. 


These details however are not suitable under current build- 
ing regulations where ‘cold bridging’ can occur. A current 
method used to restrain the outer leaf is to anchor it to the 
slab by anchor ties or steel angles, as shown in Figure 14.7. 
There are proprietary fixing sytems available to achieve 
this fixing. 
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Figure 14.6 Restraint of outer leaf of cavity wall at 
every 12 m height 
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Figure 14.7 Restraint of outer leaf of cavity wall at 
every 12 m height 


14.1.3 Provision for Services 


Inevitably, pipes for hot and cold water supply, conduits 
for electricity cables, ducts for air-conditioning, etc., have 
to pass through loadbearing masonry walls. The openings 
or holes for these services must always be pre-planned. 
Services engineers are accustomed to indiscriminate break- 
ing out of large holes and cutting chases in relatively thick 
walls of traditional masonry construction when upgrading 
or changing the services in existing buildings. They do not 
always appreciate that ad hoc alterations cannot be per- 
mitted in modern, slender, highly stressed walls. Holes and 
chases should not be cut without the prior approval of the 
structural engineer. (See also Appendix 4.) 


Pre-formed openings can be arranged easily by leaving out 
bricks or blocks when building the wall. If the openings are 
large, or could cause overstressing or undesirable stress 
concentration in the surrounding masonry, reinforcement 
can be laid in the bed joints above the openings — and 
around, if necessary — to distribute the stress. 


Detailed drawings of service holes and chases should be 
given to the contractor before the commencement of build- 
ing operations. A typical builders-work drawing is shown 
in Figure 14.8. 


Chases should be sawn out to the depth agreed by the 
structural designer, and must not be hacked out by ham- 
mer and chisel. Horizontal or diagonal chases are rarely 
permissible, nor are vertical chases in half-brick thick walls 
(102.5 mm thick). 


Holes for vertical service runs through floor slabs form a 
very useful site aid in setting out and checking the vertical 
alignment of walls. Vertical ducts can easily be formed 
by making minor adjustments to the wall layouts (see 
Figure 14.9). 


14.1.4 Movement Joints 


On long crosswall and spine structures, it is essential to 
insert movement joints to counter the effects of thermal and 
moisture movements. They are also advisable on structures 
liable to undergo excessive differential settlement. Move- 
ment joints should also be used to break up L- and T-plan 
shapes, and other similar building configurations when 
they are sensitive to movement. A typical method of achiev- 
ing this in crosswall structures is shown in Figure 14.10. 


Services, finishes, etc., which have to cross the movement 
gap should be provided with flexible connection, as in con- 
crete or steel-framed structures. The spacing of movement 
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Figure 14.8 Typical builders-work drawing 
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Figure 14.9 Services provided vertically through structure 
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Figure 14.10 Typical movement joint in multi-storey 
structure 


joints depends upon the masonry units used. For example, 
12 m spacing is usually adequate for clay bricks, and 6 m for 
concrete blocks. Detailed information on movement joints 
is provided in Appendix 3. 


14.1.5 Vertical Alignment of 
Loadbearing Walls 


While engineers and architects have long accepted the need 
for column grid layouts, and are well aware of the need to 
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line up columns (i.e. column positions should remain con- 
stant from foundations to roof) they do not, at first, readily 
accept the same discipline in masonry structures — no doubt, 
because they have been used to placing non-loadbearing 
walls or partitions anywhere. 


Non-loadbearing partitions can still be placed practically 
anywhere in a loadbearing masonry frame. But, as with 
steel or concrete columns, it is desirable that the loadbear- 
ing walls are lined up. They can, of course, be moved out of 
line — but this may mean expensive and complex beam and 
beam-support layouts. This factor, more than any other, has 
tended to militate against the use of loadbearing masonry, 
especially in situations where the ground floor layout dif- 
fers from the upper floors. For example, ina hotel bedroom 
block, the ground floor may require large open spaces for 
restaurant, reception areas, etc. The conflicting needs of the 
ground floor and the upper floors can easily be reconciled 
by the use of podium construction (see section 14.2.7). 


The authors’ experience has shown that designers quickly 
adjust to the need for planning discipline, and welcome 
the benefits of repetition of floor layouts, windows, doors 
and other furniture, service runs, finishes, etc., which can 
produce savings in cost and time of erection and provide 
simplicity of construction. 


Loadbearing masonry structures can accommodate a wide 
range of functional requirements. It is simply a question of 
choosing the form best suited to the function. 
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Figure 14.11 Composite wall using footing beam and 
masonry wall 


14.1.6 Foundations 


The narrowest strip footing that can be conveniently dug 
by an excavator usually results in a foundation area such 
that the soil contact pressures are low. For example, a nine- 
storey hostel block with 102.5 mm crosswalls, founded ona 
600 mm wide concrete strip footing, would have a contact 
pressure of only about 325 kN/m/?. 


When the ground-bearing capacity is so low that piling is 
necessary, the wall itself could be treated as the compres- 
sion flange of a composite reinforced concrete/masonry 
ground beam, with attendant savings in foundation costs 
(see Figure 14.11). It is likely that this would be undertaken 
only in exceptional circumstances or in a temporary situa- 
tion, since it would be difficult to ensure that future alter- 
ations to the structure might compromise its integrity and 
above all the overall robustness / disproportionate collapse 
requirement could be difficult to justify. 


Because masonry walls (particularly clay brickwork) are 
pliant, compared with structural steel or rc frames, they are 
particularly economical on sites subject to mining or other 
subsidence. Reinforcing the lower bed joints at each storey 
height and providing movement joints at the correct loca- 
tions, results in a wall that is highly resistant to differential 
settlement. 


14.1.7 Flexibility 


Many designers think that masonry structures are inflex- 
ible — that it is difficult to alter them, once they are built. 
This is not so. For example, one of the authors’ most inter- 
esting change-of-use projects was the successful conver- 
sion of a Victorian ice-cream factory into an old people’s 
home. 


The spate of conversion, alterations and rehabilitation of 
masonry structures in the 1970s gave masonry designers the 
opportunity to prove that it is often easier to alter a masonry 
structure than a steel or concrete structure. Admittedly, 
the bulk of the work was on brick structures, but the same 
is true — albeit, perhaps, to a somewhat lesser extent — of 
concrete block structures. It is often easier to demolish a 
masonry wall than a steel or concrete column. And it is far 
simpler to form an opening in a masonry wall than ina rein- 
forced concrete wall. 
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Figure 14.12 Slab/loadbearing wall connection 


Although alterations to modern, highly stressed, loadbear- 
ing masonry structures require careful attention, it is only 
on rare occasions when wholesale alterations are required 
for a radical change of use that masonry structures become 
inflexible. 


14.1.8 Concrete Roof Slab/Loadbearing Wall 
Connections 


While it is good practice, and structurally beneficial, to cast 
floor slabs onto the walls, it is inadvisable to cast the roof 
slab directly on the top of the upper storey wall. The roof 
slab will tend to expand and contract with temperature 
variations and, if it is restrained by the slab/wall connec- 
tion, either it or the wall will crack. 


In order to reduce this effect, the roof slab should be 
separated from the supporting wall. This can be done 
simply by laying two layers of building paper on top of 
the wall — although this is not considered to be accept- 
able good practice. A more effective separation joint can be 
achieved by inserting a proprietary jointing material (see 
Figure 14.12). 


14.1.9 Accidental Damage 


Although, as noted earlier, provisions against accidental 
damage were discussed in detail in Chapter 8, it is worth 
repeating here the general recommendations for stability of 
BS 5628, which may be interpreted as follows: 


(1) The designer responsible for the overall stability of the 
structure should ensure that the design, details, fixings, 
etc., of elements or parts of the structure are compatible, 
whether or not the design and details were made by 
him or her. 

(2) The designer should consider the plan layout of 
the structure, returns at the ends of walls, interaction 
between intersecting walls, slabs, trusses, etc., to ensure 
a stable and robust design. 

(3) The designer should check that lateral forces acting on 
the whole structure are resisted by the walls in the planes 
parallel to those forces, or are transferred to them by 
plate action of the floors, roofs, etc., or that the forces are 
resisted by bracing or other means. 


The structure must have adequate residual stability not to 
collapse completely, and the Code further advises that the 
designer should satisfy himself or herself that ‘. . . collapse 
of any significant portion of the structure is unlikely to 
occur’. 
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14.1.10 Choice of Brick, Block and Mortar 
Strengths 


Generally, the bottom storey masonry will be the most 
highly stressed. The stress diminishes with each storey 
height, and the most lightly stressed storey will usually be 
the top one. Inevitably, within any one storey height, some 
walls will be more heavily stressed than others. For ex- 
ample in, say, a six-storey hostel block, the crosswalls will 
be 215 mm thick minimum for sound reduction purposes, 
and the walls surrounding the staircase may, for fire pro- 
tection purposes, also be 215 mm thick while carrying a 
lesser load than the crosswalls. Thus it follows that every 
storey height could be of a different strength masonry and 
that, within any one storey higher, variations in masonry 
strength could be employed. However, any savings in 
material costs due to the widespread variation would be 
swallowed up by the extra costs of organising, sorting, 
stacking, supervising, etc. 


It is generally advisable to use a maximum of only three 
mortar strengths: 1 : 1/4: 3 below dpc level or, in extremely 
highly stressed work, 1:1: 6 (or1: 1/2: 4) for external and 
highly stressed work, and 1:2:9 for internal work (ie. 
mortar designations (i), (iii) and (iv) in BS 5628, respectively). 


It is difficult for administrative or supervisory staff to 
check, by sight, the strength of the bricks, blocks, and 
the mix of the mortar. Reducing the cement content of the 
mortar produces only a minimal saving in the cost per m? of 
wall. 


Every effort should be made to keep the wall of a constant 
thickness throughout its height. It should be kept in mind 
that a slender, highly stressed, wall is usually cheaper than 
a thick wall carrying a low stress. Brick and block strengths 
should generally be uniform throughout any one storey, 
and changes in strength should be limited to approximately 
every three storeys. In an eleven-storey contract, under- 
taken by the authors in the 1970s engineering bricks were 
used on the bottom three storeys, high strength bricks on 
the fourth to sixth floors, medium strength on the seventh 
to ninth, and low strengths on the top two storeys. 


Note that a top storey wall, due to its small pre-load, may 
have excessive flexural tensile stress due to wind forces, 
and may require specific brick and mortar strengths to cope 
with this. 


14.2 Crosswall Construction 


Crosswall structures are one of the simplest structural 
forms for multi-storey buildings, and probably have the 
widest application. The basic form is shown in Figure 14.13 
— detailed layouts are provided later in this chapter. 


They are particularly suitable for long rectangular buildings 
which have repetitive compartmented floor plans. Typical 
examples are hotel bedroom blocks, study bedrooms in 
student hostels, school classroom blocks, town house devel- 
opments and small four-bedded wards in hospital blocks. 
Crosswalls are necessary in such buildings — even if the 
designer uses a steel or concrete frame — for the following 
purposes: 


(a) Acoustic barriers. The Building Regulations require 
215 mm brick, or similar, partitions between study bed- 
rooms (see Part E, 2003 for details). Similar thicknesses 
are required with concrete blocks. 

(b) Party walls (separating walls). The Building Regula- 
tions require a minimum thickness of 215 mm brick, or 
similar for party walls between domestic units, exclud- 
ing additional finishes to meet sound transmission 
levels. Please note however that these walls may need 
to be constructed as cavity walls if the floor thickness is 
insufficient to generate the mass required to permit a 
single leaf wall (see Part Eas above). 

(c) Fire barriers. The Building Regulations in many instances 
require 215 mm walls around staircases, lift shafts, vert- 
ical service ducts, etc., in addition to fire breaks along 
the building. Clay brickwork 100 mm thick provides 2 
hours fire resistance. 


14.2.1 Stability 


While it is a simple process to design the crosswalls to sup- 
port the vertical loading, a check must be made both on 


crosswalls 


was 


Figure 14.13 Typical crosswall construction 
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Figure 14.14 Stability of structures 


them, as structural elements, and the resulting structure, to 
ensure that there will be no collapse (instability) or over- 
stressing due to horizontal loading from wind forces (see 
Figure 14.14). 


Lateral Stability 


Crosswalls are usually very stable under lateral loading. 
The stress, due solely to uniformly distributed wind loads 
at the base is: 


Stress =+ yee 
bd?/6 


where 


Y; = partial safety factor 
W,, = characteristic wind load 
h=height of structure 
b = thickness of wall 
d = depth or length of wall. 


Since d is usually relatively deep, the wind stresses are 
minimal (see Figure 14.15). 


Longitudinal Stability 


Unstiffened crosswall structures, i.e. crosswalls without 
stiffness at right angles to the plane of the wall, may not be 
stable under longitudinal loading from wind, and could 
collapse like a house of cards (see Figure 14.16). 


Figure 14.15 


oa 


Stresses in walls arising from lateral stability 


To prevent such action, longitudinal bracing is necessary. 
This is usually provided (see Figure 14.17) by either: 


(a) corridor walls, 

(b) longitudinal external walls, 

(c) stiff vertical box sections formed by the walls to stair- 
cases, lifts and services ducts, or 

(d) cruciform, T-, Y-, L-shaped block plans, or other 
plan forms which provide longitudinal stiffness or 
robustness. 


14.2.2 External Cladding Panel Walls 


The external walls in Figure 14.17(b) may be subject to high 
lateral loads combined with only minimal vertical loads. 
Such masonry walls do not have a high resistance to bend- 
ing perpendicular to their plane (see Figure 14.18). 


The wall panels on the top storey are the most at risk 
because they are likely to be subject to the greatest wind 
pressure while the only compensating precompression is 
the vertical loading from the roof and their own weight. 
If a lightweight timber roof is used, there could be wind 
uplift forces to counteract by strapping it down to the walls. 
There would then be no vertical precompression in the top 
storey walls. 


Generally, this is not a significant problem with loadbear- 
ing masonry — but it can be if the masonry is non-loadbearing 
and is used merely as a cladding to a steel or concrete- 
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(a) corridor walls 
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(d) plan forms giving stiffness in two directions 


Figure 14.17 Typical plan forms providing stiffness in two directions 


Figure 14.18 Failure due to bending parallel to 
bed joints 


framed structure. It is advisable to check the stresses in 
such panels, following the procedure set out in Chapter 11. 


14.2.3 Design for Wind 


The crosswalls act as shear walls under wind loading. Shear 
walls act as vertical, deep, stiff cantilevers in many framed 
structures, and resist the wind forces and moments on the 
structure — thus reducing the effects of wind on the frame. 
There is a large number of research papers on the subject, 
and it is discussed in detail in many good modern text- 
books on the theory of structures, and an example of the 
design of sucha shear wall is given in Chapter 11. 


In most loadbearing masonry crosswall structures, the 
stresses due to wind are insignificant compared with those 
due to dead and imposed loading, as the worked examples 


crosswall structure without corridors 
acting as solid single, vertical 
cantilever 


Figure 14.19 Vertical cantilever action 


will show. Nevertheless, it may be helpful to briefly discuss 
the topic here. 


In a steel or concrete frame, the beams and columns are of 
relatively similar stiffness, rigidly connected, and are of the 
same material. However, in a loadbearing masonry struc- 
ture, the walls are relatively sturdy, the floor slabs compar- 
atively flimsy, and the structure will never really act as a 
rigid frame. The walls, having high stiffness, act as vertical 
cantilevers, and the floors can be considered as acting as 
pin-jointed props (see Figure 14.19). 


The crosswall, when broken by a corridor, acts approx- 
imately as two separate cantilevers. If both walls are of 
the same depth, d, and thickness, they share the wind force 
equally. When they are not of equal depth, they share the 
wind force in proportion to their relative stiffness — if they 
deflect equally, as they are likely to do, because of the 
floor’s action in transferring the force. 


The strength of a wall is relative to its section modulus Z = 
bd?/6, and the stiffness of a wall is relative to its second 
moment of area, [= bd? /12. 


In the crosswall structure shown in Figure 14.20: 


Wall x has a Z value proportional to 37 =9 
Wall y has a Z value proportional to 67 = 36 
(Wall y is four times as strong as wall x) 


pin-jointed prop 


double cantilever action 
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Figure 14.20 Typical example of cantilever stiffness 
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Figure 14.21 Plan of walls of differing lengths parallel 
to wind direction 


Wall x has an I value proportional to 33 =27 
Wall y has an I value proportional to 6°=216 
(Wall y is eight times as stiff as wall x) 


Since the walls are tied together by floor slabs, they are 
likely to deflect equally — thus wall y will carry eight times 
the wind force of wall x. 


Walls of Differing Length and Axes to the Wind 


The distribution of wind forces, particularly on tall slender 
crosswall structures, between walls of differing stiffnesses 
may need consideration. Some of the main points are illus- 
trated below. 


In Figure 14.21, the floor plan of a block of flats shows 
walls of differing length (and, therefore, stiffness) and of 
differing positions in relation to the wind. The main wind 
force would be resisted by walls 1, assisted by walls 2, with 
some help from walls 3, and little help from walls 4. An 
experienced designer would probably, at first, check only 
the effect of walls 1 and 2 in resisting wind, and then, if they 
were inadequate, consider the assistance of walls 3. He 
would be likely to ignore the minimal effect of walls 4 in 
resisting the wind forces. The use of walls 1 only, would 
necessitate a long span for the plate action of the roof or 
floors. 
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Figure 14.23 Building forms of varying stiffness 
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Figure 14.22 Structural forms of varying stiffness 
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Walls of Differing Section 


When external or corridor walls are bonded into cross- 
walls, they change the shape of a crosswall from a simple 
rectangle into a T-, I- or Z-section. This can give the cross- 
wall increased stiffness and hence increased stability. 


In Figure 14.22, the I- and Z-sections are stiffer than the T- 
section, which in turn, is stiffer than the rectangular section. 


14.2.4 Openings in Walls 


Intuitively, it can be seen that, in Figure 14.23, wall (a) is 
stiffer than wall (b) which, in turn is stiffer than wall (c). The 
gable wall (d) with small, widely spaced windows, may 
be considered to act similarly to wall (a) if the openings are 
relatively small. However, if the windows are deepened, 
the wall approaches the condition of wall (c). 


Only rarely do the calculations become very complex. 
However, if they do, or if the designer is in any doubt as 
to the stiffness of the walls or structure, he or she should 
either refer to one of the many computer programs on the 
market, or carry out a model test. If a computer is used, 
the designers should satisfy themselves that the program 
is suitable and well founded, and that the results of the 
analysis are reasonable. 


14.2.5 Typical Applications 


School Classroom Blocks 


These are not normally more than four storeys high, and a 
typical plan shape is shown in Figure 14.24. 


The crosswalls usually need to be 215 mm thick to carry the 
load. Gable and external side walls are normally in 305 mm 
cavity brickwork. However Part E, 2003 of The Building 
Regulations is not specific about the acoustic requirements 
but refers the designer to The Acoustic Design of Schools, 
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Figure 14.24 Typical classroom block layout 


DfES, published by The Stationery Office, in order to deter- 
mine suitable resistance to noise for various uses and 
locations in school buildings. The external and corridor 
walls, together with the staircase, are normally more than 
adequate to provide longitudinal stability. 


In many cases, the long floor spans are most economically 
formed in precast, prestressed concrete units, seated 100 mm 
minimum onto the walls. To give some continuity and 
resistance to the negative moments which will occur in 
practice (even though, in theory, the units are ‘simply’ sup- 
ported) it is advisable to employ an rc insitu infill over the 
wall support. This will assist in preventing a floor slab col- 
lapse should a crosswall be removed by accidental damage 
(see Figure 14.25). Note that it is necessary to comply with 
the Building Regulation covering progressive collapse for 
all educational buildings (see Chapter 8). 


Where wide-span units are used to provide a fair-faced soffit, 
the insitu infill should still be provided (see Figure 14.26). 


The alternative spans loaded condition, and the resulting 
bending moments and eccentricity of loading induced into 
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Figure 14.25 Insitu concrete infill over supporting wall 
for precast concrete floors 
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Figure 14.27. Typical bedroom block layout 


the walls due to deflection of the floor units and rotation at 
the supports, are rarely critical. Nevertheless, the effect of 
eccentricity on the bearing stresses should be taken into 
account. The reinforcement in the infill tends to reduce the 
effect of eccentricities and distribute the uneven stresses. 
(Note that many school buildings were erected in the late 
1950s to early 1970s using high alumina cement in the pre- 
cast floor units. All these buildings had to be investigated 
and, as far as the authors’ experience and knowledge are 
concerned, none of the walls showed any distress due to 
eccentric loading.) 


Figure 14.27 shows a typical basic floor plan of a bedroom 
block. Many buildings of this type are five to ten storeys 
high, and need to be checked for accidental damage under 
Building Regulation Part A. Floors are usually insitu con- 
tinuous concrete slabs. Where the external side walls and 
the corridor walls are loadbearing, the floor slabs may span 
two ways. Some minor increase in reinforcement is all that 
is usually necessary to cope with the accidental damage 
provisions. 


Crosswalls usually need to be 215 mm thick minimum in 
order to carry the load but specifically to provide sound 
insulation. It is not uncommon to return the ends of the 
crosswalls, at their junctions with the external and corridor 
walls, to improve their stability. 


Crosswall structures can, of course, be built much higher 
than ten storeys. However, as with all high-rise construc- 
tion, the costs tend to increase faster than the increase in 
height. 


Low- to Medium-rise Flats (up to Six Storeys) 
A typical floor plan is shown in Figure 14.28. 


The demand for high-rise flats (which were more suited to 
cellular construction) has waned, and there is now more 
interest in medium-rise blocks. These are a hybrid form of 
the classroom and bedroom blocks, discussed earlier, in 
that they tend to comprise a mixture of 215 mm and 102.5 
mm crosswalls depending on the usage of any room and 
whether it is a separating wall between each flat or unit. 
The party walls, spaced at about 12 m centres, need to be 
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Figure 14.28 Typical low to medium rise flats layout 


215 mm thick to comply with The Building Regulations, 
and the intermediate crosswalls which do not fall under 
type E2 of Part E of The Building Regulations can be 
102.5 mm thick. Corridor walls and external walls are gen- 
erally of masonry construction, subject to the same Build- 
ing Regulation requirements as the party walls, and are also 
usually 215 mm minimum thickness, and are used struc- 
turally for longitudinal stability. 


Floors are nearly always of concrete construction. Timber 
floors are generally only used in domestic housing. 


14.2.6 Elevational Treatment of Crosswall 
Structures 


Long side walls pierced by hole-in-the-wall windows can 
be visually dull. There are many ways of overcoming this — 
for example by using decorative brickwork and/or by 
modelling the elevation (see Figure 14.29). 


14.2.7 Podiums 


A common objection to the use of crosswall construction is 
that the ground floor planning requirements demand more 
open spaces than crosswalls permit. Typical examples are 
reception areas and restaurants in hotels, car parking for 
flats, recreation areas and shops in student hostels. But the 
floors above, with regular wall layouts, are ideal for cross- 
wall construction. 


Frequently, there is no need to frame the whole structure, 
merely because of the ground floor planning requirements. 
A different structural form can be used for the ground 
storey, and a common solution to the problem is to form a 
podium with steel, concrete or masonry columns support- 
ing a concrete deck, as shown in Figure 14.30. Depending 
on the load from the crosswalls, the deck can be of plate or 
waffle slab construction, diagrid or T beam. 


The deflection of the deck under the crosswalls should be 
assessed, even though clay brickwork often has an inherent 
flexibility that enables it to adjust to the deflection of a con- 
crete beam. Blockwork is not so adaptable. If the deflection 
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Figure 14.29 Typical elevational treatment of 
crosswall structures 


is of such magnitude as to cause the masonry to crack, a 
flexible joint should be included at the deck/wall junction 
and the lower courses should be reinforced, as shown in 
Figure 14.31. The flexible joint must not, of course, affect the 
loadbearing capacity of the wall. 


14.3 Spine Construction 


Spine construction can be used on buildings of rectangular 
plan shape where crosswalls are either too restrictive on 
planning, circulation, etc., or where they cannot be lined up 
due to different functional requirements at each floor level. 
Typical examples of the first category are hospital ward 
blocks, storage buildings and office blocks. Buildings in the 
second category are much rarer — and when they do occur, 
it is often only because the designer will not accept the plan- 
ning discipline of crosswall construction. 


In many cases, the solution to these problems is to eliminate 
the crosswalls and to use the external side walls and the 
corridor walls or a spine wall as the main loadbearing ele- 
ments, as shown in Figure 14.32. 
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Figure 14.32 Spine wall construction 


The depth from the external wall to the spine or corridor 
wall is usually limited to 8 m, which is about the economic 
limit for precast prestressed concrete floor units. If eco- 
nomic factors are not restrictive (which is unusual), the 
floor spans could be wider. Many buildings do not really 
need a floor span greater than 7 m or 8 m. Office workers 
seated at distances of more than, say, 6 m from the 
external windows will need permanent artificial lighting, 
air-conditioning and expensive service runs for heating, 
etc. People, naturally, like to be able to see out of a window 
and to use it to control their physical environment. Some 
designers consider that 5 m should be the maximum dis- 
tance of a work space from an external wall. 


There are two main structural problems in the design of 
spine structures: 


(a) the provision of lateral stability, 
(b) many structures must be resistant to progressive col- 
lapse following accidental damage. 


Figure 14.34 Plate action of floor 


14.3.1 Lateral Stability 


The building shown in Figure 14.33 clearly has inadequate 
lateral stability from wind forces, and it is necessary to 
introduce structural elements to resist them. This can be 
done externally or internally. In both cases, the floor must 
act as a horizontal plate, or wind girder, to transfer the 
wind forces to the lateral elements resisting the wind as 
shear walls (see Figure 14.34). 


Internal Loadbearing Elements 


These are commonly the walls around staircases, lift wells 
and vertical service ducts. Elements such as gable walls, fire 
barriers, and the occasional partition wall, can also be used, 
as shown in Figure 14.35. 


There is rarely a problem in providing lateral walls of 
sufficient strength to resist the wind forces, but there can be 
difficulty in providing the plate action of the floor if it is not 
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Figure 14.36 Fin walls providing lateral stability 


of insitu concrete. If the floor is constructed of prestressed 
precast concrete beams, a reinforced concrete topping will 
be necessary. 


External Elements 


Fin walls can be used to counteract the lateral wind forces. 
If the wind forces are appreciable, the fins may need post- 
tensioning (see Chapter 15). The advantage of using fin 
walls as vertical cantilevers resisting the wind force, is that 
they considerably reduce the need for the floor to act as a 
plate, although the use of a robust floor plate in this type of 
building would be better practice. A plan and section of a 
possible fin structure are shown in Figure 14.36. 


14.3.2 Accidental Damage 


All buildings should be constructed such that they are 
robust, but most buildings, other than single-occupancy 
domestic units, must be designed to satisfy the requirements 
for preventing disproportionate collapse in accordance 
with Part A of The Building Regulations. Among the checks 
that are undertaken are by: 


(a) a portion of the external or spine walls being removed; 
(b) a portion of the lateral internal walls being removed; 
(c) a fin being removed; 

(d) asection of the floor being removed. 


A method of checking and designing against accidental 
damage is dealt with in Chapter 8 and in the worked 
example in this chapter. 


14.4 Cellular Construction 


Of all structural masonry forms, cellular construction is 
the most resistant to lateral loads and accidental damage, 
and was used to a limited extent for high-rise flats in the 
1960s. Despite the decline in high-rise construction, it is still 
a most valuable structural form for flats, student hostels, 
etc. Even below six storeys, it is still worthwhile to carry out 
a cost exercise to determine its economic viability (see 
Figure 14.37). 


The technique was pioneered by the Swiss engineer, Haller, 
who built some spectacular high-rise blocks in Basle, Berne 
and Zurich. A number were built in the UK during the boom 
years of high-rise flat construction. However, the method 
did not achieve the wide popularity of the precast concrete 
structures — due both to government encouragement of sys- 
tem building, and the lack of experience of many engineers 
in structural masonry design. Certainly, there was no sound 
technical reason for the neglect of masonry construction — it 
was cheaper to build, more satisfactory in use, and required 
less maintenance than the concrete systems. Some of the 
system-built blocks are now causing tremendous mainten- 
ance problems due to lack of cover, leaking and inadequate 
joints, condensation, etc., and their vulnerability to accid- 
ental damage was tragically demonstrated in the Ronan 
Point disaster. 


The basic ‘egg crate’ form (see Figure 14.38) provides stiff- 
ness in two directions at right angles, and is therefore 
highly resistant to wind forces. Lifts, stairs and service ducts 
are located at the centre of the plan, with housing units 
around the perimeter (see Figure 14.39). In study /bedroom 
blocks, the central portion can also house bathrooms, toilets 
and kitchens. Typical flat layouts are shown in Figure 14.39, 
with the main walls in heavy outline. 


Figure 14.37 Cellular construction 


housing | 


service 
core 


Figure 14.38 Plan of cellular construction 
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Figure 14.39 Typical flat layouts providing cellular construction 


14.4.1 Comparison with Crosswall 
Construction 


The function of a building tends to dictate its structural 
form. School classroom and hotel bedroom blocks are usu- 
ally long rectangular buildings, and appropriate to crosswall 
construction. Tall, or tower, blocks of residential accom- 
modation are often square on plan and therefore well suited 
to cellular construction. 


In crosswall structures, it is the crosswalls that mainly carry 
the load, while the longitudinal walls (corridor and external 
side walls) serve to provide stability along the longitudinal 
axis. In cellular construction, all the walls carry the load and 
provide resistance to lateral forces on both axes. 


Floors in cellular structures are nearly always of insitu con- 
crete and, because of the two-way spanning possibilities 
and the shorter spans, tend to be more economical than in 
crosswall or other structural forms (see Figure 14.40). 


14.4.2 Envelope (Cladding) Area 


The cost of a building is affected by its ratio of envelope 
to floor area — the smaller the ratio, the lower the cost of 
the envelope. Figure 14.41 shows the favourable ratio for 
cellular structures compared with rectangular structures. 
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Figure 14.40 Typical floor construction in cellular 
structure 
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Figure 14.41 Comparison of cellular construction with 
rectangular construction 


14.4.3 Robustness 


Cellular construction is probably the most robust of all 
structural forms. If Ronan Point had been built in this 
form, with properly bonded intersections instead of appar- 
ently inadequately tied concrete panels, it would have been 
extremely unlikely to have collapsed, and the ‘incident’ 
would have been localised. 


As noted earlier, the form is highly resistant to lateral 
loading and, because of the commonly symmetrical form, 
it is resistant on both axes. Since it is relatively massive — 
compared, for example, with steel frames with glass exter- 
nal cladding and lightweight internal partitions — there is 
far less likelihood of unacceptable vibration in tower blocks 
due to severe wind gusting. The authors know of no case 
of noticeable vibration in a multi-storey cellular masonry 
structure — although there is evidence of such action in 
other materials. The inherent stiffness of the structural form 
makes it particularly useful in areas subject to high winds 
and foundation movement. 


14.4.4 Flexibility 


Reference has already been made to the relative ease of 
making alterations to masonry structures to suit changing 
functional requirements. Cellular structures are no excep- 
tion and, because of the multiplicity of walls, they are often 
easier to alter than other structural forms. The designer 
must, of course, take the same care to ensure that the alter- 
ations do not overstress the structure. 


14.4.5 Height of Structure 


Very tall structures can be built using cellular construction. 
Apart from the cost, the main factor affecting the height is 
stability under wind loading. A simple calculation shows 
that a 20 m square block, 15 storeys (40 m) high has a gener- 
ous factor of safety against overturning from the wind 
forces. A detailed check must, of course, be made to see that 
the structure has adequate stiffness (see Figure 14.42). 


14.4.6 Masonry Stresses 


Since the load is shared by all the walls, the stresses 
tend to be lower than in other structural masonry forms — 
which makes cellular construction particularly suitable for 
high-rise buildings, and when considering lateral loads 
on external walls. The wall thicknesses need to meet Build- 
ing Regulation requirements for fire, sound and thermal 
insulation, party walls, etc., and are often greater than the 
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Figure 14.42 Simple calculation for overturning of tall 
structure subjected to wind load 


thickness required to carry the loads. Calculations show that, 
quite often, the most heavily stressed wall under imposed 
and wind loading (the external wall on the leeward face) 
needs only to be a normal 305 mm cavity wall. 


14.4.7 Foundations 


The foundations of cellular structures tend to be cheaper 
than those for other structural forms. The loads are spread 
over more walls, more uniformly, and at closer spacings. 
Contact pressures, therefore, are generally lower. On soils 
of good bearing capacity, it is not uncommon to merely 
thicken the ground floor slab under the internal walls. 


14.5 Column Structures 


Masonry columns are scarcely a new structural form, and 
modern masonry column structures are simply a develop- 
ment of an old technique. For example, many medieval 
cathedrals are basically column structures in which the lat- 
eral thrust from the roof is resisted by flying buttresses. 
When, in a modern column structure, the columns are not 
adequate to resist the lateral thrust from the wind, the 
restraint can be provided by shear walls, fins, etc. 


Use 


Masonry column structures are mainly used for buildings 
whose functions require large open spaces, such as ware- 
houses, department stores and, occasionally, open-plan 
offices. 


The spacing of the column grid is usually a compromise 
between the client’s preferences, cost and engineering fea- 
sibility. The closer the spacing, the cheaper the structure, 
but the greater the loss of spatial freedom. As so often hap- 
pens with concrete structures, the client tends to want a 
grid spacing of 12 m, but eventually settles for about 7.5 m. 


Floors 


Most column structures have insitu concrete floors, of 
either plate or waffle slab construction to eliminate the 


inconvenience of beams which reduce headroom. The floors 
must act as horizontal plates to transfer the lateral wind 
thrusts to shear walls. 


14.5.1 Advantages 


It may appear odd to use masonry columns in a structure 
when so much insitu concrete is used in the floors and foun- 
dations. Masonry columns are chosen for: 


(a) Speed of Erection 


It is quicker to build a masonry column than an insitu con- 
crete column, or to fabricate, erect, plumb and fire-protect a 
steel column. To ensure continuity of the masonry labour 
force, it is usually advisable to use masonry construction 
for the external cladding, shear walls, etc. 


(b) Economy 


Masonry columns are generally cheaper than alternative 
materials. Admittedly, economy is rarely a major consider- 
ation, since the cost of the columns is only a minor part of 
the total construction costs. 


(c) Durability 


Corners of columns are easily chipped and damaged in 
warehouses, etc. The corners of concrete columns can be 
rounded off by using 1/4 round bead fillets in the shutter- 
ing, and the fire protection cladding to steel columns can be 
strengthened by adding steel angles at the corners. Both 
methods add to costs. Radiused bricks or bull-nosed bricks 
are not expensive and are usually readily available. 


(d) Aesthetics 


Since the columns are likely to be heavily stressed, engi- 
neering or high-strength facing bricks are often required. 
Both categories are available in a wide range of colours and 
textures, and are likely to be far more visually attractive 
then encased steelwork or plastered concrete. 


14.5.2 Cross-sectional Shape 


Square and rectangular columns are the cheapest and 
simplest to build since they only involve four corners (and 
thus four plumbing lines), do not require specially shaped 
bricks, and are easily bonded. However, there are some- 
times structural or aesthetic advantages in using other 
sections. 


(a) Cruciform 


These give higher lateral resistance in two directions. 
No guidance is given in BS 5628 on the slenderness ratio or 
section modulus of such sections. However, the authors 
suggest that the radius of gyration of the section be deter- 
mined, related to a square section of equal radius of 
gyration, and the thickness of the square section taken as 
the effective thickness of the cruciform section. The section 
modulus can be determined from first principles, in the 
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same way as the section modulus of cruciform sections in 
other materials. 


(b) I Sections 


Similar effectiveness and methods apply to I sections. A 
further advantage of this section is that services can be run 
up the faces of the webs. 


(c) Hollow Square, Rectangular or Circular Sections 


These have the advantages of a high second moment of area 
and section modulus, but require a larger overall cross- 
sectional area. They are particularly useful as structural 
and permanent shuttering to reinforced concrete columns. 
Care must be exercised in grouting up each column lift to 
ensure that all mortar droppings are removed from the 
surface of the previously poured grout. 


14.5.3 Size 


With masonry columns, there is less need to maintain the 
same profile all the way up the structure — as there is with 
concrete (to reduce shuttering cost) or with steelwork (to 
simplify connections). Nevertheless, to avoid complica- 
tions in standard details, fixings, etc., it is advisable to keep 
the number of changes of section to a minimum. This can be 
achieved by using high-strength masonry in the lower 
storeys (perhaps, with the addition of reinforcement) and 
lower-strength masonry in the upper storeys to produce an 
economical balance. 


Typical floor-to-floor heights for offices are about 3-4 m, 
for department stores around 5 m and for warehouses 4—6 
m. Grid spacings are generally from 5-7 m in both direc- 
tions. Thus the size of the columns can vary enormously 
since it depends on their height, load (dependent on the 
grid spacing and the use of the structure) and the strength 
of the masonry. It is not difficult to reduce the cross-section 
of a column by adding reinforcement, if this is economi- 
cally worthwhile. 


Depending on location, availability of tradesmen, time and 
other factors such as Construction Design and Management 
(CDM) issues, it is worth considering the use of masonry 
columns instead of steel or concrete columns. 


14.6 Design Procedure 


The design procedure for multi-storey masonry structures 
is similar to that for other structural materials and is as 
follows: 


(1) Layout. Wall positions should be chosen to suit the 
function of the building. This is usually the architect’s 
responsibility, but the engineer should certainly advise 
in this regard, and on the types and direction of floor 
spans and roofs, joint locations, restraint considera- 
tions, etc. All too frequently, the two professions — 
architects and engineers — do not confer at an early 
enough stage in the creative process. 

(2) Wall thicknesses should be chosen to comply with: 

(a) Building Regulations (fire resistance, acoustic and 
thermal requirements, etc.), 


(b) material dimensions (215 or 102.5 mm brickwork, 
100, 140 or 215 mm blockwork), 

(c) serviceability needs, 

(d) estimated trial section for load carrying. 

(3) Check required thickness against trial section thick- 
ness for load carrying. 

(4) Preliminary appraisal of liability to accidental damage 
(span of floors, returns to walls, etc.). 

(5) Determine dead, imposed and wind loadings, and 
worst combination. 

(6) Determine stresses in masonry elements. 

(7) Choose masonry and mortar strengths. 

(8) Check for ‘column action’ or overstressing of areas 
of wall in external walls with large window or other 
openings, internal walls with large door openings or 
service access, particularly corridor walls with clere- 
storey lights. 

(9) Check upper storey (or storeys) for flexural tensile 
stress under minimum axial loading. 

(10) Check for stability. 

(11) Check again for accidental damage. 

(12) Add straps and ties, where necessary. 

(13) Check details (end bearing stresses, stresses around 
service holes, etc.). 


14.7 Example 1: Hotel Bedrooms, Six Floors 


Basic Data (see Figure 14.43) 


Overall height 15.0m 
Floor-to-floor height 2.50 m 
Span of floors 3.0m 
Overall length 30.0 m 
Overall width 20.5m 
Density of masonry 20 kN/m? 


Density of reinforced concrete 24kN/ m? 


The floor and roof construction is of reinforced insitu con- 
crete slabs supported by loadbearing masonry. Precast con- 
crete floors were not chosen in this example because insitu 
floors tend to give greater rigidity to the structure when it 
has to be designed to meet accidental damage loadings. 
Furthermore, on such relatively short spans, insitu concrete 
slabs tend to be more economical than precast, and a suit- 
able bearing onto thin crosswalls is achieved more easily. It 
should be noted that this example has been worked with a 
125 mm thick slab. This is likely to be too thin to meet sound 
requirements in accordance with Part E of The Building 
Regulations for the separating walls between each specific 
room/unit. 


14.7.1. Characteristic Loads 


Roof 

Dead loads, G,, 

125 mm rc slab = 24 x 0.125 =3.0 kN/m? 
lightweight screed to falls 1.0 kN/m? 
(average) allow =4.0kN/m? 


Imposed load, Q, (BS 6399, Part 1) = 0.75 kKN/m? 


30 000 (10 x 3 m) 


3000 
car parking areas 


{L 


-$——+4 ww 


TTS 


balcony over 


8000 


stairwell 


net ‘k 


5000 


4 


<= denotes direction of floor spans 
ground floor plan 


8000 


1000 
ea 


30 000 (10 x 3 m) 


balcony 


"A 


1000 


co c7 co 
) | 
io) 
oe) 
io) 
oO 
oO 
8 ——+} ee 
~ 5000 5000 5000 
io) 
io) 
oO 
ce) 
3 coo co co es lc 
<= denotes direction of floor spans balcony 


general floor plan 


corridor 


2500 1000 


balconies 


15 000 


ee 
a 


section A-A 


Figure 14.43 Layout for Example 1 
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Floors 

Dead loads, G,, 

125 mm rc slab = 24 x 0.125 =3.0kN/m?2 

partitions, allow 1.0 kN/m?2 

finishes and services, allow 0.3 kN/m?2 

allow floor screed 1.0 kN/m?2 
=5.3kN/m?2 


Imposed load, Q, (BS 6399, Part 1) =2.0 kN/m? 


Wind Loading 


The choice of the characteristic wind load for design pur- 
poses is covered in BS 6399, Part 2, 1997, and is outside the 
scope of this example. Assume that the maximum charac- 
teristic wind pressure, W,, is 0.894 kN/ m?. Also assume 
that the roof is flat and that Cui =+0.2 or—0.3 and Cig =+1.0. 


14.7.2 Design of Internal Crosswalls 


Having decided on the basic design parameters and load- 
ings, the designer can now go on to design the structure 
itself. It should be remembered that careful consideration 
must be given to the location of any joints within the con- 
crete slabs and masonry walls, since these will affect the 
overall stability of the structure. 


Loading 


The self-weight of the masonry must be added to the above 
in obtaining the total design load. For a trial section, try a 
102 mm thick wall. At position A, the characteristic load = 
height x thickness x density = 15.0 x 0.102 x 20 = 30.6 kN/m 
run due to the masonry. 


Assume y; = 1.4 for dead loads or 0.9 as appropriate, 1.6 for 
imposed loads (from clause 22, BS 5628). 


Therefore, at A (see Table 14.1) the total design load 


= 1.4(91.5 + 30.6) + 1.6(0.6 x 32.25) 
= 170.9 + 30.96 
=201.85kN/mrun 


Now assuming that the floor slab, if built into the wall, pro- 
vides enhanced resistance to lateral movement, then the 
effective height of the wall (clause 28.3.1.1, BS 5628) may be 
taken as 0.75 x 2500 = 1875. 


Table 14.1 

Position Characteristic Characteristic Imposed load 
dead load, G,, imposed load, reduction 
kN/permetrerun Q,, kN/per factor (%) 
due to floors metre run (Table 2, 


and roof BS 6399, Part 1) 
Roof 3x4=12 3x0.75=2.25 0 
5thfloor 12+3x5.3=27.9 8.25 10 
4th floor 43.8 14.25 20 
3rdfloor 59.7 20.25 30 
2nd floor 75.6 26.25 40 
istfloor 91.5 32.25 40 


axial load from walls 
\ and floor over (0.9G,) 


dead + imposed load dead load only (0.9G,) 


(1.4G, + 1.6Q,) 


Ry 
face P ———» assumed stress 
17mm distribution 
51mm 
51mm 


Figure 14.44 Eccentricity check for Example 1 


The effective thickness of a half brick wall is the actual 
thickness = 0.102 m. 


Therefore, slenderness ratio = 1.875/0.102 = 18.4. 


Check the maximum eccentricity at first floor level (see 
clause 31, BS 5628) — assume the loading given in Figure 
14.44 for the calculation of the eccentricity. 


The resultants R, and R, are assumed to act at one-third of 
the depth of the bearing area from the loaded faces of the 
wall, i.e. (102/2) x 1/3 =17 mm in from the face. 


Now R,=(1.4x5.3x3/2)+ (1.6 x 0.6 x 23/2) 
=11.13+2.88 
=14.01kN/mrun 


and =R,=(0.9x5.3 x 1.5) 
=7.1kN/mrun 


The load in the wall above the first floor level may be 
assumed to be axial and 


= 0.9(75.6 + 12.5 x 0.102 x 20) 
=91kN/mrun 


Considering a 1 m length of wall and taking moments 
about face P, let R be the distance to the resultant of R,, R, 
and the axial load: 


(91 x 0.051) + (14.01 x 0.017) + (7.1 x 0.085) 
=(91+14.01+7.1)R 


Therefore R=0.049 


Therefore, eccentricity at the top of the wall = 0.051 — 0.049 
=0.002 m 


Now, thickness, t = 0.102, therefore eccentricity (as a pro- 
portion of f) = 0.002/0.102 = 0.0196t. 


So, from Table 7, BS 5628 (see Table 5.15), B is unchanged 
for values of eccentricity up to 0.05t, and thus the resultant 
eccentricity even under the work loading conditions at first 
floor level has no effect on the B value. Hence, B = 0.76. 
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14.7.3 Partial Safety Factor for Material 
Strength (Table 4, BS 5628 - see Table 5.11) 
Case (a) 

Manufacturing and construction control, both special: 
Ym = 2.5. 

Case (b) 


Manufacturing and construction control, both normal: 
Ym = 3-5. 


Note: Normally, the designer would use only one value 
of y,,- In this example, two cases are used for comparison 
purposes only. 


14.7.4 Choice of Brick in the Two Design 
Cases, at Ground Floor Level 


Case (a) 


Design strength = per mrun 


Bifi. 
Ym 
Design load = 202 kN/m run, B = 0.76, t= 102 mm, y,, = 2.5 

Design strength = design load 


Therefore 


202 x 2.5 x 10° 


=5.66 N/mm? 
0.76102 x 1.15 x 10° ce 


f,. required = 


where the factor 1.15 in the denominator is the stress 
increase from clause 23.1.2 for narrow brick walls. 


Assuming a mortar designation (iii) (1: 1:6) (from Table 
2(a), BS 5628 — see Table 5.4), bricks with a compressive 
strength of 20 N/ mm? are required. 


Case (b) 


202 x 3.5 x 108 


= 7 93 N/mm? 
0.76 x 102 x 1.15 x 10° : 


f, required = 
Bricks with a compressive strength of 35 N/ mm?’ set ina 
mortar designation (iii) would be required. The strength of 
brick can be reduced at higher levels, normally at every 
third floor. 


14.7.5 Choice of Brick in the Two Design 
Cases, at Third Floor Level 


Design load = 1.4(43.8 + 15.3) + 1.6(0.8 x 14.25) 
=101kN/mrun 


It should be noted that, as before, the eccentricity of loads 
under the worst condition is still less than 0.05t and thus f is 
0.76 as previously calculated. 


Case (b) 


101 x 3.5 x 108 
0.76 x 102 x 1.15 x 10° 


f, required = =3.96 N/mm? 


Bricks with a compressive strength of 15 N/ mm’ set in a 
designation (iii) mortar would be satisfactory (manufactur- 
ing and construction control both normal) for both cases. 


It may be noted that common bricks are normally at least 
20 N/mm“ crushing strength. 


14.7.6 Design of Gable Cavity Walls to Resist 
Lateral Loads Due to Wind 


Assume clay bricks are used for the inner and outer leaves. 
A critical design case occurs in the top storey of a building 
under lateral loading, because the compression in the wall 
from the dead loads is small, and the wind can cause uplift 
on the roof, further reducing the compressive load. Walls 
under high lateral loading and low compressive load (par- 
ticularly when the walls are used as mere cladding to a steel 
or concrete frame) are more likely to fail due to flexural 
tensile cracking, rather than axial compressive crushing or 
buckling. 


14.7.7 Uplift on Roof 


From clause 22, BS 5628, y,=0.9 for dead load 
and = 1.4 for wind load 


Design dead load =0.9 x 4 =3.6 kKN/m? 


Design wind load (uplift) =1.4 x 0.89(1 + 0.2) 
=1.5kN/m? 


Therefore, net dead load, contributing to compressive load 
in the walls, 


=3.6-1.5=2.10kN/m? 


14.7.8 Design of Wall 


There are three general methods for the design of walls 
under lateral loading mentioned in BS 5628, and definitive 
guidance is not provided as to which method should be 
used in a given case. The three methods are as follows: 


(1) Effective Eccentricity Method 


Clause 36.8 covers the lateral strength of axially loaded 
walls and columns from consideration of the effective 
eccentricity, and using B factors. 


(2) Arching - Horizontal or Vertical 
Clause 36.8 also mentions design using the formula: 
_ 8tn 
Nat = Py, 
(3) Designing on the Basis of a Cracked or Uncracked 
Section 


By assessing moments or using the method for panel walls 
in BS 5628. 


By implication, methods (1) and (2) above, are normally 
used where the axial loads are high in relation to the lateral 
loads. In the top storey axial loads are low, so that there is 
little thrust to resist the arching effect. Also, the moment is 
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roof 
oe 
(4— design wind load 
floor —0.107 
le 1-4Wy = 1.25 kN/m? 
0.036 k¢— 
|< 
——>| -0.071 


bending moment coefficients (from 
standard texts eg Steel Designers 
Manual) 


Figure 14.45 Bending moment coefficients for walls 
subject to wind load in Example 1 


high in relation to the axial load, so that the effective eccen- 
tricity is high, giving a large capacity reduction (i.e. the B 
value from BS 5628, Table 7 is very small — see Table 5.15). 
Thus method 3 should be adopted. 


Wall ties of the vertical twist type should be provided in 
accordance with Table 6 of BS 5628 — see Table 6.2 (i.e. 2.5 
ties per m2). Therefore, both leaves may be treated as acting 
together, but not as a homogeneous section. 


14.7.9 Calculation of Design Wall Moment 


Assume that the wall behaves as a slab spanning continu- 
ously over supports provided by the floors (see Figure 14.45). 


Design moment occurs at top floor level (see Figure 14.46) 
=1.25 x (2.5)? x 0.107 
=0.84 kN m/m length 

14.7.10 Resistance Moment of Wall 

(Figure 14.46) 

Assume: 


(1) Clay bricks used in both leaves, with water absorption 
7%, in designation (iii) mortar, i.e. f,, =0.5 N/ mm?. 
(2) Special construction control, i.e. y,,, = 2.5. 


insitu floor 


roof 


top of external leaf tied to 
roof slab and cavity closed 
(see earlier details) 


top floor 


position of max. 
design moment 


Figure 14.46 Position of maximum design moment in 
walls for Example 1 


(3) The total resistance moment is the sum of the resistance 
moments of the two individual leaves, i.e. fZ, where 
f= 84+ Siod Vox 

This design method assumes that flexural tensile resistance 

can be developed and relied upon at this level. 


Design dead load in inner leaf at position of maximum 
moment due to the net dead load from the roof, and a storey 
height of 102 mm thick brickwork 


=(2.1x3/2)+(0.9 x 2.5 x 0.102 x 20) =3.15 + 4.59 


=7.74kN/mrun 
Therefore 
7.74 x 108 
= ——"__=0.076 N/mm? 
84> 02 x108 : 


Design dead load outer leaf = 4.59 kN/m run 
Therefore 


_ 459x103 


2 ue mae 
84> F02x108 fae 


2: 
x 2S prado ant 


Total resistance moment = [os + 0076 x 1.734 x 10° 


+ [os + 0045) x 1.734 x 10° 


= 0.48 + 0.42 
=0.9kN m/m 


The resistance moment is greater than the design moment, 
thus the wall is satisfactory at this level. At other levels, 
where the compressive dead load is higher, there is less risk 
of flexural tensile failure of the bed joints, and the govern- 
ing factor in design is the axial compressive, rather than the 
flexural, strength of the wall. 


14.7.11 Overall Stability Check 


(1) Stability in y Direction (see Figure 14.47) 


This is provided by the gable walls and by crosswalls 1 to 
18, at 3 m centres. These walls are deep (8 m and 9 m, in the 
direction of the wind) and, by inspection, the building is 
rigid in the y direction. Overturning of the structure as a 
whole is not a problem for a building of this height and 
with these proportions. The additional stresses due to the 
wind on the crosswalls are very small (see Figure 14.48). 
For the method of calculation, see (2) (below) on the stabil- 
ity in x direction. 


(2) Stability in x Direction 


The wind is taken by the two corridor walls and the two 
external walls. For simplicity in this example, it is assumed 
that the load is shared equally by the four walls. Since the 
resulting stresses are likely to be low, this approximation is 
not unreasonable, although a more accurate analysis would 
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Figure 14.47 Plan of structure for overall stability check, Example 1 
dead loading 
}<j}-—_ 
<j 
bq— 
15m wind loading 
<j 
|}<j-—_ 
a 
8m 1.5m 8m 
—_——_—_—__—_». 
minimal or nil flexural tensile 
stress 
stress distribution at base 
of shear wall 
elevation on shear walls 
Figure 14.48 Elevation on shear walls in Example 1 


be to share the load in proportion to the relative stiffnesses 
of the walls providing the stability. Consider the two cor- 
ridor walls each consisting of five shorter walls. The walls 
may be assumed to act as vertical cantilevers, each wall 
taking an equal proportion of the total wind load. It will 
be assumed that the floors are relatively flexible and are not 
able to transfer flexural shears, hence the assumed deflected 
shape is as shown in Figure 14.49. 


1.4W, = 
1.25 kN/m? 


If the floors were made rigid and able to transfer the flexu- 
ral shears, a much higher lateral load could be carried or, 
for the same load, the stress due to lateral loading would be 
much lower. 


A critical design case for the wall is at its mid-height, 
between ground and first floor level. There are two cases to 
consider: 


Figure 14.49 Deflection of corridor walls providing stability in the x direction in Example 1 
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5000 mm 


' 
-—_ 102 mm 


Figure 14.50 Plan on single section of corridor wall in 
Example 1 


Case (a) 
Dead + wind load acting, y,= 0.9 on dead load and y,=1.4 on 
wind load, and flexural tensile stresses are considered. 

2 


MR on section= W,. x ¥; x a 


breadth of building 
no. of shear walls x no. of walls 


15° 205 1 
x x 
2 4 5 


=1.25x 


=144kNm 
Design axial load acting: 
due to self-weight of masonry 
=0.9x 15 x 0.102 x 20 =27.5kN/m 


due to design dead load from roof and five floors in 1 m 
wide corridor area 


=0.9(14+5.3) x5 x0.5 =13.7kN/m 
=41.2kN/m 
Total design axial load over 5 m long wall=5 x 41.2 =206 kN 
Wall properties (Figure 14.50) 
A=102x5000 =51x 104mm? 


2 
7 SOM aos sii nant 


Design MR = [4 + a2 


m 


Using 20 N/mm‘? clay bricks in designation (iii) mortar 
with water absorption less than 7%, then f,, = 0.5 N/mm. 


Assume special construction control, y,, = 2.5, for flexural 
design, and special construction and manufacturing con- 
trol, y,, = 2.5, for compression design. 


Therefore 


= 256.7 kN m 


3 6 
Design MR = 0.5 206 x 10 . 425 x 10 
2.5 5.1x 105 10° 


This is greater than the design moment = 144 kN m 
Case (b) 


The wall should also be checked for compressive buckling 
failure. Possible load combinations are (1.4G, and 1.4W,) or 
(1.2G,; 1.2Q, and 1.2W,). In this case, the former will give 
the worst design condition. Check at mid-span of wall. 


1.4(4+ (5.3 x5)) x 0.5 x 10° 
103 x 102 


Design stress due to dead load = 


= 0.21 N/mm? 
Design stress due to ow masonry 


_ 1.4 13.75 x 0.10 x 20 x 10° 


= 0.38 N/mm? 
1000 x 102 


Total axial compressive stress due to dead loads 


=0.214+ 0.38 
=0.59 N/mm? 


The flexural compressive stress = M/Z 


2 
The design bending moment = 1.25 x Be ea 
2x4x5 
=121.12kNm 
Therefore 
121.12 x 10° 
flexural compressive stress = SEs = 00858 /mm? 
425 x 10° 
14.7.12 Eccentricity of Loading 
Design moment on wall = 121.12 kN m 
Design axial load on wall = sacks aa 306 kN 
121.12 
Eccentricity = = 0.396 m 


i.e. 0.08b (see Figure 14.51). 


The slenderness ratio, SR, as previously calculated = 
(2500/102) x 0.75 = 18.4. Hence, B = 0.72. 


Therefore 


Bf. x 1.15 


m 


_ 0.72 5.8 x 1.15 
7 25 


maximum design strength = 


= 1.92 N/mm? 


This is greater than the sum of the design load stresses and 
bending stresses = 0.59 + 0.29 = 0.88 N/mm. 


Hence, the wall is satisfactory. 


14.7.13 Accidental Damage 


Section 5 of the Code covers accidental damage, and 
Chapter 8 has explained its requirements in detail. The par- 
tial safety factors, y,, to be used are given in clause 22(d) as 
follows: 


0.95G, or 1.05G, 

0.35Q, (1.05Q, where the building is used predominantly 
for storage) 

0.35W, 


Values of y,, for materials may be taken as half the values 
given in Table 4 of BS 5628 (see Table 5.11). 
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sense of design moment due to 
(oN wind on pier at base 


design dead load (G,) J 


direction of 
design wind 
loading —~~+ 15m 


elevation on pier 


Figure 14.51 


This example is for a Class 2B building, i.e. one of five 
storeys or more. Table 12 of the Code gives three options for 
detailing and designing the structure to withstand acciden- 
tal damage (see Table 8.1). It is considered that the option of 
vertical and horizontal elements, unless protected, proved 
removable one at a time without causing disproportionate 
collapse, would be adopted here in conjunction with the 
provision of horizontal ties. 


Crosswalls Removed 


The normal span of concrete floor is in the x direction. If, 
say, crosswall CH is removed, the slab can be designed to 
span — using increased distribution steel if necessary — in 
the y direction from the spine walls to an edge beam span- 
ning from B to D. In addition the slab will also tend to hang in 
catenary action between walls BJ and DG (see Figure 14.52). 


Gable Wall Removed 


BS 5628 states that for walls without vertical lateral sup- 
ports the whole length of external walls must be considered 
removable, while for similar internal walls only 2.25 need 
be considered as the removable length. The Building Regula- 
tions do not differentiate between internal and external 
walls but limit the removable length to 2.25h for all walls. It 
seems, to the authors, particularly harsh to consider, say in 
a spine wall structure of 30 m or more in length, the possib- 
ility of an incident capable of removing such a dispropor- 
tionate length of external wall. However without sufficient 
evidence to justify this feeling it is anticipated that designers 
will need to meet this requirement. 


Having assessed the removable length of gable wall, con- 
sideration can now be given to the alternative means of 
support for the structure following its removal. If the length 
removed is not excessive, consideration may be given 
to composite action of the masonry over acting with the 
floor slab immediately above the removed length of wall. 
This, together with the arching effect of the masonry to 
spread the loads over to either side of the removed length 
of wall, may be all that is necessary with the additional 


wind moment in pier replaced by dead 
loading acting at eccentricity e, instead of 
axially 


e=404 


b = 5000 mm 


no eccentricity about minor 
axis 


>| 


plan on pier 


Eccentricity of loading on single section of corridor wall in Example 1 


reinforcement in edge of 
slab to allow it to span 
between B-C andC—-D 


1B Cc 'D 


= — «oT 
normal direction of span if 
direction wall CH is removed 
of span 


— 


J 


stairwell 


-—— 


Figure 14.52 Part plan of Example 1 for checking 
disproportionate collapse provision 


eee 


reinforcement, if any, being added peripherally in the insitu 
floor slab. A more complex analysis might consider two 
adjacent floor slabs acting as the flanges of deep I beams 
with the spine walls between them acting as the webs of the 
same beams. These composite sections may be used to can- 
tilever from the last crosswall and could support, at the end 
of the cantilever, a similar I-shaped composite beam utilis- 
ing the gable wall as the web. Hence, a framework of com- 
posite beams is provided, and reinforced accordingly, to 
support the structure over (see Figure 14.53). 


It may well be the case that, at the lower levels of a load- 
bearing brickwork structure, there is enough compressive 
dead load from above to enable the wall to withstand a lat- 
eral force of 34 kN/m? and thus itis a protected member as 
defined in clause 37.1.1 of the Code. 


14.8 Example 2: Four-storey School Building 


Design an internal crosswall to resist vertical loading in a 
four-storey school-type building, shown in Figure 14.54. 
Overall height is 12 m. This building is a Class 2B structure 
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composite I sections 

comprising spine walls 

and floor slabs cantilever 
face out from last crosswall 
wall 


gable wall 
removed 


Figure 14.53 Floors and crosswalls providing 
composite section 


for disproportionate collapse rules and is likely to be 
designed with horizontal ties, to BS 5628, Part 1, and 
checked for element removal as Example 1. 


14.8.1 Characteristic Loads 


Roof 

Dead loads, G,, 

precast concrete units = 3.6 kKN/m/? 

screed to falls, allow  1.4kN/m? 
=5.0kN/m? 


Imposed load, Q, = 0.75 KN/m? 


Floors 
Dead loads, G,, 


precast concrete units = 4.8 kN/m? 
screed finishes, allow 1.2kN/m? 
= 6.0 kN/m? 


14.8.2 Design of Wall at Ground Floor Level 


Reduction in imposed load: four floors = 30%. 


Roof + Floors 
Design dead load 
=14(5+6+6+6) =32.2kN/m? 
Design imposed load 


= 1.6(0.75+3+3 +43) x0.7=10.9 KN/m? 
=43.1kN/m? 


Design load per mrun=43.1 x 7/2=151 kN/m 


Walls 


Characteristic load per m run due to masonry self-weight 
(brickwork density 20 kN/m°): 


20x 12.0 0.215 =52kN/m 
Design load, 52 x 1.4 =72kN/m 
Therefore, total design load, n,, =72+151 
=223kN/m 
Effective height =0.75 x 3.0 
=2.25m 
Effective thickness =0.215m 
SR: 2.25/0.215 = 10.5 and e, =0 to 0.5t 


Reduction factor for slenderness, 3 = 0.96 
Vertical load resistance per metre is given by Btf,/Y,- 


Therefore, required minimum characteristic strength of 
masonty f= Ynw/ Be. 


Case (a) 


Manufacturing and construction control both special, 
Ym = 2-9. 


re 25223109 9 oN pam? 
ulr = =24. 
Imposed load, Q, = 3.0 kN/m? ed 0.97 x 215 x 10° 
305 215 7000 i 7000 iF 
+! | 1100 |s . I 
rE ———— 
305 
— 
6000 stair- loadbearing 
case crosswalls 
classroom 
102.5 ~— 
2000 corridor 
102.5 -— 
6000 ti at 
305 


denotes direction of 
span of floor units 


plan on school building (four storeys) 


Figure 14.54 Plan on school building Example 2 
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Figure 14.55 Plan on office block Example 3 


Assume mortar designation (iii) and standard format bricks. 


Common brick (20 N/mm?) should give ample strength 
(f, =5.8 N/mm? > 2.7 N/mm? required). 


Case (b) 


Manufacturing and construction control both normal, y,, = 
3.5. 


3.5 x 223 x 103 


pore 239 Wane 
0.9x 215x108 ae 


f,. required = 
Again use a common brick (20 N/ mm_) set in designation 
(iii) mortar. 


14.9 Example 3: Four-storey Office Block 


14.9.1 Column Structure for Four-storey 
Office Block 


A simplified plan of a brick column structure is shown in 
Figures 14.55 and 14.56. Although the structure is mainly 
open-plan, a number of internal walls and partitions have 
been omitted for clarity. This building is a Class 2A struc- 
ture for disproportionate collapse requirements and as 
such will require horizontal tying only. The basic T-shaped 
plan, the staircase, lift wells and service cores, the internal 
partitions and the plate action of the floor slab and beams 
would make for a robust structure. Wind forces are trans- 
ferred to the gable and internal shear walls by the plate 
action of the floors and roof. 


OF 
| 3.6m! 36m! 3.6m! 3.6m: 
al Pit al Pie al 


plan 
3.5m | 
3.5m 
3.5m 
7 ground 
3.5m 1 bearing 
slab : 
| —— 
6m 6m 
simplified end elevation 
Figure 14.56 End elevation Example 3 


The external gable walls are 305 mm cavity walls, the shear 
walls and walls to staircases, lifts, etc., are 215 mm solid 
walls, and the columns are 330 mm square in the upper 
storey, and 440 mm square below this. 


The columns and the shear walls may be designed as 
follows. 
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14.9.2 Characteristic Loads 


Roof 
Trussed timber roof, G, = 1.25 kKN/m? 
Imposed load, Q, = 0.75 KN/m? 


Floor 


Precast beam and pot floor with structural screed, 
G, =4.9kN/ m2 


Partitions, G, = 1.0 kKN/m? 
=5.9kN/m? 


Imposed load, Q,, = 2.5 kN/m? 


Wind Loading 


Assume that the maximum characteristic wind pressure, 
W,, is 0.8 kKN/ m? and that the wind uplift on the roof is 
1.0 kN/m?. 


Before proceeding with the design of the structure as a 
whole, the designer should consider carefully the location 
of joints, and the like, since these will affect the stability and 
strength of the structure. In this example, it has been 
assumed that the floors act as a plate to transfer the wind 
load to the shear walls which are designed as vertical can- 
tilevers to resist the lateral loading. Therefore, it may be 
assumed that there is no wind loading on the columns. 


14.9.3 Design of Brick Columns 


The first step in the design is to rationalise the number of 
load cases to be considered since, in general, each column 
will have a different load. By inspection of Figure 14.55, the 
column marked P will be one of the most heavily loaded, 
and this example will show the design of column P from 
ground floor to roof level. The design of other columns is 
performed in a similar manner. The second step is to calcu- 
late the design loadings for the selected groups of columns 
(see Table 14.2). 


14.9.4 Loading on Column P 


The dead load of the masonry must be added to the above 
in obtaining the total design axial load. 


Assume the characteristic density of the brickwork = 20 
kN/m. 


Therefore, characteristic dead load at A due to brick col- 
umn above 


=20 x 0.33? x 43.5 
(density x area x height) 
=30kN 


assuming brick columns are 330 mm x 330 mm. 


Design Load at Ground Floor (A) 


For this combination of loading, y, = 1.4 for dead loads and 
1.6 for imposed loads (clause 22, BS 5628). Therefore: 


Design load at A = (1.4 x 409) + (1.6 x 0.7 x 178) + (1.4 x 30) 
=573 +1994 42 
=814kN 


Slenderness Ratio of Column 


The effective height of the column is the actual height 
between lateral supports, therefore, h,, = 3.50 m. Assume 
for a trial section a 330 x 330 brick column constructed of 
standard format facing bricks with a compressive strength 
of 35 N/mm‘, laid in a designation (iii) mortar. The least 
lateral dimension is 330 mm therefore, slenderness ratio = 
3.5/0.33 = 10.6. 


Characteristic Compressive Strength of Brickwork, f,. 


The value of f, =8.5 N/mm? (Table 2(a), BS 5628 — see Table 
5.4 - for 35 N/mm? compressive strength facing bricks in 
designation (iii) mortar). 


The area of the brick column is 0.11 m? and clause 23.1.1 of 
BS 5628 states that, where the horizontal cross-sectional 
area of a column is less than 0.2 m2, the characteristic com- 
pressive strength should be multiplied by the factor (0.70 + 
15A) where A is the horizontally loaded cross-sectional area 
of the column. In this case the area reduction factor = 0.7 + 
(1.5 x 0.11) = 0.865. 


Calculation of B Value for Design 


First determine the eccentricity of the loading (see clause 
31, BS 5628) (see Figure 14.57). 


The resultants R, and R, are assumed to act at one-third of 
the depth of the bearing area from the loaded face of the col- 
umn, i.e. (330/2) x (1/3) =55 mm in from the face. 


Now 
ny= (145938 x6} [19x 25% 286} 


= 89.214 43.2 =132.41 kN 


Table 14.2 

Position Characteristic dead load due Characteristic imposed load (kN) Imposed load reduction factor 
to floors and roof (kN) (Table 2, BS 6399, Part 1) (%) 

Roof 6x 3.6x1.25=27 6x 3.6x0.75=16 0 

3rd floor 27+(6x3.6x5.9)=154 16+(6x3.6x2.5)=70 10 

2nd floor 282 124 20 

1st floor 409 178 30 
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Figure 14.57 Eccentricity calculation for column in 
Example 3 


and 
R,=89.21 kN 


The load in the column just above the first floor may be 
assumed to be axial and 


= (1.4 x 282) + (1.6 x 0.8 x 124) 
+ (1.4.x 20 x 0.337 x 3 x 3.5) 

= 395+ 159 +32 

=586 kN 


Taking moments about face N, let R be the distance to the 
resultant of R, and R, and the axial load 


0.33 
586 x a + (132.41 x 0.055) + (89.21 x 0.275) 


= (586 + 132.41 + 89.21)R 
Therefore R = 0.159 m from face N. 


Therefore, eccentricity at the top of the column = 0.33/2 — 
0.159 =6.3 x 10° m=6.3 mm =0.02E. 


Hence, for slenderness ratio of 10.6 and eccentricities up 
to 0.05t (Table 7, BS 5628 — see Table 5.15), by interpolation, 
6B =0.958. 


Design Vertical Load Resistance of Column 
Design vertical load resistance 


bt : 
7 Both, X area reduction factor 


Ym 


Now assume the manufacturing and construction controls 
are both special, therefore, y,,, = 2.5 (Table 4, BS 5628 — see 
Table 5.11). 


Design vertical load resistance 


_ 0.958 x 330 x 330 x 8.5 x 0.865 
2.5 


=307 kN 


This is less than the required vertical load resistance of 
814 kN. Hence, the column section designed is inadequate. 


Increase Trial Column Size 


Try a 440 mm square brick column constructed of standard 
format bricks with a compressive strength of 50 N/ mm? 
laid in designation (iii) mortar. 


f= 10.6 N/mm? 
(Table 2(a), BS 5628 — see Table 5.4) 


Area reduction factor = 0.7 + (1.5 x 0.44?) 
=0.99 


Design load = 814 kN + extra load due to 
increased size of column 


Extra column load = (0.44? — 0.332) x 4 x 3.5 x 20 
=23.7kN 


Design load = 814 + 23.7 
= 837.7kN 


By comparison with 330 mm square column, B will be 1.0 
for 440 mm square column. 


Vertical load resistance of 440 mm square column 


_ 1x 4402 x 10.6 x 0.99 
25 


=812kN 


This is just less than the design load of 814 kN. The mini- 
mum required characteristic strength of the masonry is: 


_ 2.5x837.7 x 103 
0,99 x 4402 


= 10.92 N/mm? 


From Figure 1 of BS 5628, the required compressive 
strength of bricks laid in designation (iii) mortar = 
58 N/mm/?, in a 440 x 440 column. If it is not possible 
to obtain facing bricks of this strength, then the use of 
engineering bricks should be considered, or the column 
could be reinforced. 


Design of Column between 1st and 2nd Floor Levels 
Assume a 440 mm x 440 mm column. 


Design vertical load = (1.4 x 282) + (1.6 x 0.8 x 124) 
+ (3x 3.5 x 20 x 0.44? x 1.4) 
(see Figure 14.58) 
=3954 158457 
=610 kN 


The eccentricity of loading in the column should be recalcu- 
lated at each level but will be assumed to be zero for this 
case also. 


Minimum required compressive strength of masonry 


fe 2.5x 610 x 103 
k™ 0.99 x 4402 


=7.95 N/mm? 


From Figure 1 of BS 5628, the required compressive 
strength of bricks is 33 N/ mm in designation (iii) mortar. 
Facing bricks can be obtained with this strength for use ina 
440 mm x 440 mm brick column. 
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Figure 14.59 Elements providing lateral stability in Example 3 
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The design of the brick columns at higher levels is per- 
formed in a similar manner, and the section may be reduced, 
or the brick strength varied, as required, to suit both 
architectural and economic consideration. 


Simplified Design for Lateral Loading Due to Wind 


By inspection of the plan, the structure appears to be rigid 
and robust with many crosswalls, and the stresses induced 
in the structure due to lateral loading are small. 


Consider wind loading on the south elevation. The main 
elements resisting the loading are shown in Figure 14.58. 


As in the previous shear wall design example, the structure 
will be assumed to behave as a vertical cantilever under lat- 
eral loading. Hence, the deflected shape is as shown in 
Figure 14.59. 


The total design bending moments should be shared 
between the shear walls in proportion to their stiffnesses, 
and the designs of the individual walls should then pro- 
ceed using the principles demonstrated in design example 
8 in Chapter 11. A careful check should be made at all floor 
levels, particularly in the uppermost storey, as the dead 
loading available to eliminate flexural tensile stresses is 
considerably reduced. 


15 Reinforced and Post-tensioned Masonry 


In the preceding chapters, discussion has been largely con- 
fined to the basic principles and assumptions underlying 
the design of plain structural masonry — ordinary bricks 
or blocks and mortar construction. However, in that it is 
strong in compression and relatively weak in tension, the 
structural application of plain masonry tends to be restricted 
to walls, columns, arches and other elements carrying 
mainly compressive loads. When plain structural masonry 
elements are subjected to lateral loading, from wind or 
retained earth and other causes, they need thickening or a 
change in geometric shape to resist the resulting tensile 
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stresses. In short, the material's relatively low tensile strength 
tends to govern the design. Asa result, its high compressive 
strength is often partly wasted. 


As most engineers know, concrete — which is also strong 
in compression but weak in tension — is commonly either 
reinforced with steel to carry the tensile stresses, or pre- 
stressed to eliminate them. Similar principles can be ap- 
plied to the design of structural masonry (see Figure 15.1) 
with corresponding gains in the extension of its field of 
application. 
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Figure 15.2 Similar construction in reinforced and post-tensioned concrete applied to masonry 


Such an obvious concept is not new. In fact, the reinforcing 
of brickwork long preceded the reinforcing of concrete. 
In about 1820, Sir Marc Brunel reinforced the brick shafts 
of the Wapping to Rotherhithe tunnel. At the turn of the 
twentieth century, Sir Alexander Brebner used reinforced 
brickwork in India, and his example was followed in the 
1920s and 1930s in Japan and other countries subject to 
earthquakes. Since the Second World War, there has been 
an increasing application of the technique in the USA. 


Nevertheless, and despite these historical precedents, the 
development of reinforced and prestressed masonry has 
lagged far behind reinforced and prestressed concrete. 
This is hardly surprising. Research on the subject, technical 
papers, codes of practice, design guides, etc. have only 
really been available in the past 40 years to assist the engi- 
neer. However practically no engineering student receives 
any instruction in the subject during their studies. 


The recent revisions of BS 5628, Part 2 and the design 
guides, etc., should enable the engineer to use reinforced 
and prestressed masonry to its full potential. There is no 
doubt, in the authors’ minds, that industry and society as 
a whole are missing out on a valuable and worthwhile 
technique of construction, in that reinforced and post- 
tensioned masonry maintain all the advantages set out in 
Chapter 2, including speed, simplicity and economy, see 
Figure 15.2. 


15.1 General 


15.1.1 Design Theory 


Being based on limit state principles, the design philosophy 
for reinforced and prestressed masonry is exactly the same 
as for plain masonry. Reference is made to BS 8110, The 
structural use of concrete, which is also based on limit state 
principles. This is not because there is any direct relation- 
ship between masonry and concrete (see section 15.1.2), but 
because of the progress that has been made in the research 
and development of reinforced and prestressed concrete 
and the similarity of the results arising from the lesser 
research into reinforced and prestressed masonry. 


The assessment of loadings and member forces is made 
in exactly the same way as for plain masonry. Specific 
recommendations now exist for reinforced and prestressed 
masonry and the analysis of sections is generally based on 
the methods given in BS 5628, Part 1 for plain masonry, 
together with those in BS 5628, Part 2, 2000, Structural use of 
reinforced and prestressed masonry. 


15.1.2 Comparison with Concrete 


Because masonry is analogous to concrete, some engineers 
tend to consider them as almost identical materials in 
design terms. They are not — and the analogy can be taken 
too far. 
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Figure 15.3 Reinforced masonry examples 


Unlike concrete, masonry — brickwork particularly — is not 
homogeneous or isotropic. Concrete shrinks as it matures 
and brickwork expands, and this affects bond strength and 
creep losses. Cracking on the tensile face of reinforced con- 
crete members will be spread along the face, and the cracks 
are likely to be minute. Cracking on the tensile face of a 
reinforced masonry member will be concentrated on the 
mortar joints, and the cracks may well be larger. 


While the bulk of concrete is reinforced, only some is pre- 
stressed. It would certainly appear likely that, with further 
experience, the reverse situation will occur in masonry. 
Reinforcing concrete is generally simpler than prestressing 
it. Quite the opposite applies to most masonry. Prestressed 
concrete usually calls for high stresses needing sophistic- 
ated stressing equipment, high-strength materials, complic- 
ated duct installation, high-tensile steel tendons and careful 
site supervision. On the other hand, post-tensioned brick- 
work is concerned with relatively low stresses, requiring an 
almost rudimentary technique using everyday materials 
and methods. However, there is considerable scope for 
reinforcing hollow blockwork where the section may be 
treated as reinforced concrete complying with the advice in 
BS 8110. 


Although it is true that masonry and concrete are not iden- 
tical, nevertheless they are sufficiently alike to enable some 
similar design concepts of reinforcing and prestressing 
to apply. On the other hand, they are sufficiently different 
as to require different design methods, detailing and con- 
struction. The designer must be aware of these differences, 
and must not blindly apply the methods and techniques of 
insitu or precast concrete to masonry. 


15.1.3 Applications 


Reinforced masonry has been used to enable walls to act 
as beams, lintels and cantilevers, with the reinforcement in 
the bed joints, i.e. horizontal reinforcement — see Figure 15.3. 


It was, and still is, used for vertical members subject to 
lateral loading, such as retaining walls. One of its most 
common, economical and simplest uses is in grouted cavity 
construction (see Figure 15.4). 


Another use, and one likely to continue, is to enhance 
the loadbearing capacity of brick columns when there 
are restrictions on their cross-sectional area. In the limited 
amount of prefabricated brickwork built in recent years, 
reinforcement has often been added to cope with the erec- 
tion and handling stresses. In addition to being a useful and 
economical alternative to concrete, brickwork can also be 
effectively used in association with it. There are occasions 
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Figure 15.4 Reinforced grouted cavity wall 
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Figure 15.6 Possible composite action between rc 
footing and masonry wall 


when it can act compositely with concrete, for example in 
retaining and balcony walls (see Figure 15.5). 


Some engineers have appreciated the fact that a relatively 
thin reinforced concrete footing to a wall can result in a 
composite beam, where the masonry wall forms the com- 
pression flange and the rc footing the tensile flange (see 
Figure 15.6). This has led to worthwhile savings in founda- 
tion costs, particularly on soils subject to significant differ- 
ential settlement. 


Brickwork has been increasingly used in recent years as 
a veneer to rc cladding panels, where it can act as a per- 
manent shutter and provide an attractive mask to the often 
unacceptable face of concrete. Too often, however, the 
compressive strength of the brickwork has been neglected, 
resulting in a less economical design than was possible. 
The use of an unstressed brickwork veneer is considered 
by some to be structurally ‘dishonest’ and makes inefficient 
use of the material. 
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Figure 15.7 Prestressed masonry example 


15.1.4 Prestressing 


Of the two techniques of prestressing i.e. pre-tensioning and 
post-tensioning, the former method has been most widely 
used in concrete, particularly in precast units. In structural 
masonry, however, post-tensioning has so far been found 
to be the most successful, and certainly the simplest method. 
Briefly, the procedure is to anchor one end of a high-tensile 
steel bar and build the masonry around it — leaving a space 
for grouting up, if felt necessary. On completion of building 
the masonry, a plate is placed over the end of the rod — 
which is threaded — to act as a load-dispersal anchorage. 


wall 1 wall 2 


reinforced, tied, 
<+— and grouted 
cavity wall 


reinforced 
pocket 


A nut is then screwed on, and tightened up to the required 
post-tensioning stress with a torque spanner (see Figure 15.7). 


Prestressed concrete sections are more structurally efficient 
if the section has a high section modulus/cross-sectional 
area ratio, Z/A, as in an I- or T-beam, and the same prin- 
ciple applies to prestressed masonry. The post-tensioning 
of diaphragm walls (I-sections) and fin walls (T-sections) 
shows great potential for tall walls subject to high lateral 
loading and low axial loading. 


15.1.5 Methods of Reinforcing Walls 


Masonry can be constructed with reinforcement incorpor- 
ated in pockets in the face of the wall, in vertical holes 
inside the wall and in the voids of cavity construction (see 
Figure 15.8). 


In the case of walls 2, 3 and 4, shuttering is not necessary 
and the void can be filled as the work proceeds. As far as 
simplicity is concerned, walls 2 and 4 are generally much 
easier and quicker to construct than walls 1 and 3 — wall 2 
has the simplest bond. From the construction point of view, 
the Quetta bond wall is usually expensive and slow. 


Methods of filling around the reinforcement must be 
considered (see Figure 15.9). If grouting is used, then dif- 
ficulties of keeping the void clear of mortar droppings 
and projections and keeping the brickwork adequately tied 
to resist hydrostatic pressure, and of preventing air being 
trapped below the grout, all become very real problems. 
Generally, the simplest, most successful and economical 
method is to fill the void with a suitable quality mortar as 
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Figure 15.9 Methods of filling in grouted cavity walls 
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the work proceeds, and to make the bricklayers aware of 
the need for complete filling of the void to ensure adequate 
bond and protection against corrosion. 


The designer must be very aware of the problems at the 
design detail stage, and should make adequate adjustments 
to suit the methods and likely quality of construction. If 
grouting is chosen for a particular situation, then lifts with 
vent holes, to prevent air locks and to monitor the filling, 
can help considerably — as can clear communications to site 
operatives, and good supervision. 


To summarise: 


(a) complicated details should be avoided wherever 
possible; 

(b) shuttering should be reduced to a minimum; 

(c) hydrostatic head should be reduced to a minimum; 

(d) bonding should be kept simple; 

(e) the majority of the work should be kept under direct 
control of the bricklayer. 


The designer should make allowances for the effects 
the above points may have on the expected quality. For 
example, if the bond of the mortar to rods is expected to be 
reduced, the stresses used in the design should be reduced 
and lap lengths increased accordingly. If corrosion could be 
a problem due to the expected quality of workmanship, 
non-ferrous metal or galvanised steel should be used and, 
again, the stresses adjusted to suit these materials and any 
possible loss of bond (see also section 15.1.8). 


15.1.6 Composite Construction 


As mentioned earlier, composite construction is another 
form of reinforced masonry. Generally, a shallow rein- 
forced concrete beam is designed for two basic conditions. 
First, as a member to support the temporary condition of 
the first lifts of wet masonry. Second, and after the masonry 
has cured and acts with the beam, to support compositely 
the loads likely to be applied. This method of construction 
can prove to be very simple and economical to construct, 
particularly at foundation and floor slab levels where rein- 
forced concrete is frequently already being used. 


The principles of design for composite constructions are 
similar to those for reinforced masonry, and careful atten- 
tion should be paid to the points summarised in section 
15.1.5. Again, the designer should keep the details simple. 
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Figure 15.10 Possible composite construction 
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He should also consider carefully the differential move- 
ments of the two materials, and the temporary construction 
loading (see Figure 15.10), and the final loading including 
suitable allowance for openings and damp proof courses, 
which may affect the composite action. 


15.1.7 Economics 


Even using the results of detailed cost surveys, it is 
notoriously difficult to quantify cost savings. However, 
the authors’ experience suggests that structural masonry 
can show 10% savings in building costs and, by reinforcing 
or post-tensioning, these savings can often be further 
increased. 


Savings in construction time tend to be between 10% and 
30%, depending on the type of structure. Reinforcing and 
post-tensioning add little to the time-saving implications of 
structural masonry — their main value lies in widening its 
scope, increasing its range of application and in making it 
an even better and more economical alternative to other 
structural materials. 


15.1.8 Corrosion of Reinforcement and 
Prestressing Steel 


Since clay bricks, calcium silicate bricks, concrete blocks 
and mortar are porous, understandable concern has been 
expressed about the possibility of corrosion in reinforc- 
ing steel and post-tensioning rods. There are a number of 
buildings, in various countries, where careful detail, good 
workmanship and proper supervision have shown that the 
problem can be solved. In reinforced masonry walls and 
columns, the rods should have the minimum cover given 
in section 15.1.9, and the bed and perpend joints should 
be completely and properly filled with dense and durable 
mortar. When reinforcement is placed in the cavity of a 
cavity wall, or the core of a hollow column or fin, the void 
should be fully grouted up with a well-designed cement 
grout. In post-tensioned diaphragm and fin walls, a ‘belt- 
and-braces’ approach can be adopted by using a larger rod 
than necessary, to allow for the loss of cross-sectional area 
due to corrosion, and by reducing the risk of corrosion, by 
coating the rod with a bitumen paint and wrapping it ina 
proprietary waterproof tape. Alternatively, stainless steel 
rods can be used. Although these are currently about four 
times the cost of high-tensile steel rods, the extra cost per m? 
of the completed wall is not usually significant. 
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15.1.9 Cover to Reinforcement and 
Prestressing Steel 


Under no practical circumstances should masonry be 
regarded as providing cover to steel. Shortly after the 
Second World War when there was a famine of structural 
steelwork and a desperate shortage of timber for shutter- 
ing, a number of reinforced brickwork projects were built. 
The authors’ extensive experience in surveying such struc- 
tures showed that the major cause of failure was lack of 
cover to the reinforcement. In a survey at the Albert Dock, 
Liverpool, it was found that reinforcement provided with 
more than 500 mm of masonry cover had corroded to such 
an extent that it had cracked the massively thick brick walls. 


The depth of cover depends on: 


(a) the exposure situation, 

(b) the type of masonry, 

(c) the type of steel, 

(d) the positioning of the reinforcement or prestressing bars. 


(a) Exposure situation 

BS 5628, Part 3, Table 11 gives the classification of exposure 
situations as sheltered, moderate shelter, severe and very 
severe. These classifications can be described as follows: 


E1 Sheltered, i.e. internal work or behind surfaces pro- 
tected by impervious coatings that can be inspected 
readily. 

E2 Moderate shelter, i.e. buried masonry or masonry con- 
tinually in contact with fresh water or external work 
subject to sheltered /moderate exposure. 

E3 Severe — masonry exposed to freezing while wet, 
cycles of wetting and drying, heavy condensation as 
in swimming pools and laundries and external parts. 

E4 Very severe — masonry exposed to salt, moorland or 
other contaminated water, corrosive fumes, or abrasion. 


(b) Type of masonry 
The less porous the masonry then the less the moisture 
will penetrate so that high strength bricks of low water 


absorption bedded in strong mortar give improved protec- 
tion. Masonry or bricks with a water absorption greater than 
10% or concrete blocks of lower density than 1500 kg/m? 
should be considered as being used in the next most severe 
exposure situation than actually occurs. BS 5628: Part 3. 
Table 13 provides further information on masonry unit 
types and suitability for particular locations. 


(c) and (d) type of steel; positioning of reinforcement or prestress- 
ing bars 

The type of reinforcement and minimum amount of protec- 
tive coating which is recommended to be used for varying 
exposure situations and positioning of reinforcement are 
given in Table 15.1 (BS 5628, Part 2, Table 14). 


15.1.10 Cover 


(1) Stainless steel or steel coated with a minimum of 1 mm 
of austenitic stainless steel theoretically requires no 
cover for durability purposes. But obviously adequate 
cover is necessary to develop bond stress. 

(2) Reinforcement, when placed in bedjoints, should have 
at the very least 15 mm cover on the exposed masonry 
face and the authors prefer to use stainless steel in such 
conditions. 

(3) For grouted cavity and similar construction (including 
Quetta bond if this is used) the absolute minimum 
should be: 

(a) Carbon steel reinforcement in E1 situation — 20 mm 
mortar or grout. 

(b) Carbon steel reinforcement in E2 situation — 20 mm 
concrete. 

(c) Galvanised steel reinforcement — 20 mm mortar or 
concrete. 


These minimum covers must be increased depending on 
the exposure situation and grade of concrete as shown in 
Table 15.2 (Table 15, BS 5628, Part 2). 


The Code recommends that prestressing tendons positioned 
in open voids, not filled with mortar or concrete, should 


Table 15.1 Selection of reinforcement for durability 

Exposure Minimum level of protection for reinforcement, excluding cover 

situation 
Located in bed joints or special clay units Located in grouted cavity or Quetta bond construction 

E1 Carbon steel galvanised following the Carbon steel 
procedure given in BS 729 
Minimum mass of zinc coating 940 g/m? 

E2 Carbon steel galvanised following the Carbon steel or, where mortar is used to fill the voids, 
procedure given in BS 729 carbon steel galvanised following the procedure given in 
Minimum mass of zinc coating 940 g/m? BS 729 to give a minimum mass of zinc coating of 940 g/m? 

E3 Austenitic stainless steel or carbon steel Carbon steel galvanised following the procedure given in 
coated with at least 1 mm of stainless steel BS 729. Minimum mass of zinc coating 940 g/m? 

E4 Austenitic stainless steel or carbon steel Austenitic stainless steel or carbon steel coated with at 


coated with at least 1 mm of stainless steel 


least 1 mm of stainless steel 


Notes: In internal masonry other than the inner leaves of external cavity walls, carbon steel reinforcement may be used. 
Prefabricated bed joint reinforcement is not generally available with a mass of zinc coating of 940 g/m? 
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Table 15.2. Minimum concrete cover for carbon steel 
reinforcement 


Exposure Thickness of concrete cover (mm) 
situations 

Concrete grade 

30 35 40 45 50 

Minimum cement content (kg/m?) 

275 300 325 350 400 

Maximum free water /cement ratio 

0.65 0.6 0.55 0.5 0.45 
E1? 20 20 20° 20° 20° 
E2 — 35 30 25 20 
E3 —_— —_— 40 35 25 
E4 60° 50 


4 Alternatively, 1:0 to 4:3:2cement: lime: sand: 10mm 
nominal aggregate mix may be used to meet exposure 
situation E1, when the cover to reinforcement is 15 mm 
minimum 

’These covers may be reduced to 15 mm minimum provided 
that the nominal size of aggregate does not exceed 10 mm 

© Where the concrete infill may be subjected to freezing while 
wet, air entrainment should be used 


be given a minimum mass of zinc coating of 940 g/ m?. 
Since there is some possibility of the coating suffering 
micro-cracking in tensioning the tendons, the authors pre- 
fer to rely on the ‘paint and wrap’ process discussed in sec- 
tion 15.1.8. 


15.2 Choice of System 


The authors have designed many structures using post- 
tensioned and/or reinforced masonry, and the reasons for 
choosing either method in any particular situation have 
varied — as, indeed, have the economic conditions existing 
at the time of construction. For each scheme, the choice is 
essentially a matter for the designer’s judgement. There are 
no hard and fast rules. Nevertheless, the aim of all design 
should be to achieve simple, safe and economical details 
and, bearing this in mind, several general points emerge 
which should help to guide the reader towards a satisfac- 
tory decision. 


Vertically post-tensioned masonry is generally simpler 
than vertically reinforced masonry from both the construc- 
tion and supervision points of view, and particularly when 
a cavity is to be maintained. 


Protection for post-tensioning rods can be more easily 
provided and relied upon. Rods can be galvanised, painted 
and wrapped above the foundation anchorage, without 
any worries over loss of bond stress at these levels, and with 
the simplest of supervision. Rods can easily be inspected 
for protection, and can be checked for tension simply by 
applying a torque spanner to the nut after post-tensioning 
(see Figure 15.11). Reinforcement, on the other hand, 
relies upon bond which, in turn, relies upon adequate 


<«— torque 
spanner 
applied 
to nut 


post- 
tensioned 


protection rods 


inspected 
prior to wall 
construction cap plate 


pocket 
post- 
tensioned 
wall 


foundation 


tension check 
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Figure 15.11 Post-tension rod installation 


void caused by 
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Figure 15.12 Potential problem in reinforced cavity 
wall 
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grouted when 
constructed to 
this level 
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a course 
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Figure 15.13 Grouting in reinforced masonry beam 


compaction of the grout or mortar. Reinforcing steel also 
requires adequate cover to prevent corrosion (this is abso- 
lutely vital to walls exposed to driving rain). These require- 
ments can be very difficult to achieve, supervise and check 
(Figure 15.12). 


For horizontal members, however, post-tensioned sections 
generally become more difficult, and details less simple, 
while reinforced masonry becomes more reliable from the 
point of view of achieving a satisfactory bond and a prop- 
erly grouted cross-section (see Figure 15.13). 


Again, the need to give adequate protection to the reinfor- 
cement should be stressed. This cannot be over-emphasised 
and, where cover to bars is minimised in attempts to sup- 
port masonry which is forming, say, the soffit shutter for 
the grout, the bars should either be made of non-ferrous 
metal, or be protected by galvanising or by other means. 


All too often, there is a tendency for engineers to introduce 
secondary reinforcement into locations which later result 
in problems of bursting, due to corrosion, when the omis- 
sion of such reinforcement would have produced a suitable 
and reliable detail. This is very apparent in many existing 
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Figure 15.14 Reinforced masonry in balcony 
construction 


reinforced concrete buildings, and must be avoided in the 
next generation of structures. 


Provided that the above points are watched, reinforced 
masonry is often suitable for horizontal members. Parti- 
cularly, of course, when a masonry finish is required. 


Thus to summarise the situation, post-tensioning is gener- 
ally better for vertical conditions, and reinforcement for 
horizontal work. Occasions do arise, however, where the 
balance of advantage is only marginal. For example, both 
reinforced and post-tensioned masonry can prove to be 
very economical for balcony walls and retaining walls (see 
Figure 15.14). 


Fundamentally, masonry is a ‘walling’ material and it is 
likely therefore, that greater use will be made of post- 
tensioned masonry than reinforced. Since cracking, due to 
bending (possibly causing durability problems), is more 
likely to occur in reinforced masonry than post-tensioned 
masonry, designers may tend to opt for the latter. 


The principal use of both techniques is in members resist- 
ing large bending moments. However, if we consider large 
compressive loads, post-tensioning would tend to reduce 
the wall’s ability to resist such loads, whereas reinforce- 
ment would improve the wall’s strength in compression 
(see Figure 15.15). 


Reinforcement and post-tensioning can be exploited in 
the construction of precast masonry panels, which require 
added tensile strength to resist handling stresses. 


Similar conditions arise in areas subject to mining sub- 
sidence, in that the most critical condition for the masonry 
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Figure 15.15 Reinforced masonry subjected to heavy 
direct load 
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Figure 15.16 Foundation settlement in mining areas 
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Figure 15.17 Post-tensioned panel use in mining areas 


is the effect of the tensile stresses, which can be produced in 
direct form and in bending (see Figure 15.16). 


The stresses can be reduced, and the masonry’s resistance 
improved, by jointing the walls in short lengths and post- 
tensioning the resulting panels to increase the compression 
on the bed joints — thereby increasing the joint’s resistance 
to applied tensions. Horizontally, the bonding of the 
masonry provides a greater resistance than the weaker bed 
joints and, generally, the panel size is restricted to maintain 
the stresses within acceptable limits (see Figure 15.17). 


15.3 Design of Reinforced Brickwork 


15.3.1 Partial Factors of Safety 


Loadings 


Partial factors of safety on ultimate loadings and details 
of the various load combinations to be considered are all as 
for plain masonry. Details of the various values are given 
in Chapter 5. Partial factors of safety for serviceability limit 
state are given in Table 5.1. 


Materials 


The partial safety factors for masonry in compression, 
Ym have been reduced in BS 5628, Part 2 from those 
recommended in Part 1 and only ‘special’ category of work- 
manship is considered appropriate. The revised values are 
given in Table 15.3 and partial safety factors for steel, bond 
and shear are given in Table 15.4. 
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Table 15.3 Partial safety factors, y,,,,, for strength of 
reinforced masonry in direct compression and bending 
ultimate limit state (BS 5628, Part 2, Table 7) 


Category of manufacturing 
control of structural units 


Value Of Yinm 


Special 2.0 
Normal 2.3 


Note: When considering accidental loading the above values 
may be halved 


Table 15.4 Partial factor of safety on materials — 
ultimate and accidental damage limit states (BS 5628, 
Part 2, Table 8) 


Limit state 
Ultimate Accidental 
damage 
Steel, Ying 1.15 1.0 
Bond between mortar/ 
grout and steel, y,,,, 1.5 1.0 
Shear strength of masonry, Y,,,, 2.0 1.0 


15.3.2 Strength of Materials 


In order to analyse reinforced masonry the characteristic 
strengths of the various materials used must be determined. 
The properties of both the masonry and the reinforcement 
must be determined, in addition to the properties of the 
combined materials. 


Properties of Masonry 


The characteristics compressive, f,, strength of the masonry 
is determined in exactly the same way as previously for 
plain masonry (details are given in Chapter 5 as is the 
capacity reduction factor). 


Properties of Reinforcement 


The characteristic tensile strengths, fy of reinforcement for 
various types of steel are given in the appropriate British 
Standards. Some values are given in Table 15.5. 


The characteristic compressive strength of steel is taken as 
less than the characteristic tensile strength, and is taken as 
0.83 x Te 


15.3.3 Design for Bending: Reinforced 
Masonry 


The design loading on a particular structural element 
is determined from the combination of the characteristic 
loadings from the relevant codes of practice and the partial 
factors of safety appropriate to the case being considered. 


In the case of elements subject to bending, for example 
beams and retaining walls, the following points should be 


Table 15.5 Characteristic tensile strength of 
reinforcement 


Designation Nominal Characteristic 
sizes (mm) tensile strength, 
f (N/mm?) 
Hot rolled steel bars all 250 
BS EN 10080 (NAD) 
Hot rolled deformed all 460 
high yield steel BS EN 
10080 (NAD) 
Cold worked steel bars all 460 
BS EN 10080 (NAD) 
Hard drawn steel wire 12 485 


W W 
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simple supports: effective span lesser of clear 
distance + effective depth or 
distance %c 


Figure 15.18 Effective depth and effective span 
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conven | cantilever 
—————— 


Figure 15.19 Effective depth and effective span 


used in assessing the design loads, as illustrated in Figures 
15.18 and 15.19. 


Effective Span 


The effective span of a simply supported member should 
be taken as the lesser of the distance between the centres of 
bearing or the clear distance between supports plus the 
effective depth. 


The effective span of a continuous member should be taken 
as the distance between centres of supports. 


The effective span of a cantilever should be taken as its 
length to the face of the support plus half its effective depth, 
except where it forms the end of a continuous beam where 
the length to the centre of the support should be used. 


15.3.4 Lateral Stability of Beams 


To ensure lateral stability a simply supported or continu- 
ous beam should be so proportioned that the clear distance 
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Table 15.6 Limiting slenderness ratios for walls and 
beams 


(a) Walls 
End condition Ratio 
Simply supported 35 
Continuous 45 
Cantilever with up to 

0.5% reinforcement? 18 
(b) Beams 
End condition Ratio 
Simply supported 20 
Continuous 26 
Cantilever with up to 

0.5% reinforcement? 7 


* The percentage of reinforcement should be based on the 
gross cross-sectional area of the brickwork. For higher 
percentages of reinforcement special consideration should 
be given to deflection. 


between lateral restraints does not exceed 60b, or 250b2/d, 
whichever is the lesser, where b, = breadth of compression 
face and d = effective depth. For cantilevers with lateral 
restraint provided only at the support, the clear distance 
from the end of the cantilever to the face of the support 
should not exceed 25b, or 100b2 /d whichever is the lesser. 
For walls reinforced to resist lateral loading the slenderness 
ratios should be limited to the values given in Table 15.6 
(BS 5628, Part 2, Tables 9 and 10 respectively). 


15.3.5 Design Formula for Bending: 
Moments of Resistance for Reinforced 
Masonry 


As in reinforced concrete the amount of reinforcement is 
designed so that the section fails in compressive crushing 
of the masonry at the same bending moment as the rein- 
forcement fails in tension, i.e. a balanced section. If less 


0.83f,)/Yms 
0.8f,/Yns 


200 kN/mm? 


stress (N/mm?) 


| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
I 
| 
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reinforcement is used the section is under-reinforced and 
the section fails in tension, often with excessive deflection. 
If more reinforcement is used the section is over-reinforced 
and the section fails, catastrophically, in compression of the 
masonry. To prevent such explosive failure the Code aims 
to under-reinforce sections slightly. 


Similar assumptions are made in reinforced masonry 
design as in reinforced concrete, viz: 


(a) plane sections remain plane, 

(b) tensile strength of masonry is ignored, 

(c) compressive stress distribution is rectangular over the 
compression zone of magnitude f,./Y,um: 


In addition the following assumptions are recommended 
by the Code: 


(d) the maximum strain in the outermost compression 
fibre at failure is 0.0035, 

(e) the stress in the steel does not exceed the values given 
in Table 15.5 and the stress-strain relationship is taken 
from Figure 15.20, 

(f) the span to effective depth, d, ratio is not less than 1.5. 


The stress and strain distributions are shown in Figure 
15.21, where 


A,= cross-sectional area of primary reinforcing steel 
b= width of section 
d= effective depth 
f,= characteristic compressive strength of masonry 
f,= characteristic tensile strength of reinforcing steel 
Ymm = Partial safety factor for strength of masonry 
Yms = Partial safety factor for strength of steel 


(1—0.5A, Fein) 
z= lever arm = d ——\—_ 


bd fens 
and + 0.95d 
A, xf f 
fo——. = : xbxd, 
Yms Ym 


The design moment of resistance, M,, of a singly reinforced 
rectangular masonry member, considering the reinforcement: 


tension 


compression 


0.002 
strain 


Figure 15.20 Short-term design stress-strain curve for reinforcement 
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Figure 15.21 Stress and strain distributions 
A,f,Z 0.4f, bd? 
M,=—— and —~— 
Yims Youn 


Since z depends on the area of A, it can be difficult to 
use this formula, and the Code gives a more convenient 
method using Q,a moment of resistance factor, 


(lever arm) 


0.0035 


STRAIN 
maximum strain values in 
reinforcement 
= 0.0031 for mild steel 
and = 0.004 for high yield 


STRESS 


The simplest method for designing a balanced section is to 
consider the strain diagram in Figure 15.21 where: 


d. d 


0.0085 0.0035 + 0.0031 


; ee 00035 
M,=Qbd ‘0.0066 
Q depends on the lever arm factor, c, which is equal to z/d, -0.53d 
and equals 2c(1 —c) f\/ Yum 
The Code gives a useful graph, see Figure 15.22, and Table Ma= fi xbxd,x|d- qe 
15.7 (BS 5628, Part 2, Table 11) relating Q,c and f, V1 Vin 2 
8 
c=0.72 
WU 
7 c=0.75 
z=cd d 
° c =0.80 
a? a 
E Yom c=0.85 
E 
= 4 
iS) 
c=0.90 
3 
a c=0.95 4 
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Figure 15.22 Moment of resistance factor Q 
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Table 15.7 Values of the moment of resistance factor, Q, for various of #,/y,,,,, and lever arm factor, ¢ 


Values of Q (N/mm?) 


fl'Ymm | 1 2 3 4 5 6 7 8 9 10 11 12 13 15 | 20 

Cc 

0.95 | 0.095 | 0.190 | 0.285 | 0.380 | 0.475 | 0.570 | 0.665 | 0.760 | 0.855 | 0.950 | 1.045 | 1.140 | 1.235 | 1.425 | 1.900 
0.94 | 0.113 | 0.226 | 0.338 | 0.451 | 0.564 | 0.677 | 0.790 | 0.902 | 1.015 | 1.128 | 1.241 | 1.354] 1.466 | 1.692 | 2.256 
0.93 | 0.130 | 0.260 | 0.391 | 0.521 | 0.651 | 0.781 | 0.911 | 1.042 | 1.172 | 1.302 | 1.432 | 1.562 | 1.693 | 1.953 | 2.604 
0.92 | 0.147 | 0.294 | 0.442 | 0.589 | 0.736 | 0.883 | 1.030 | 1.178 | 1.325 | 1.472 | 1.619 | 1.766 | 1.914 | 2.208 | 2.944 
0.91 | 0.164 | 0.328 | 0.491 | 0.655 | 0.819 | 0.983 | 1.147 | 1.310 | 1.474 | 1.638 | 1.802 | 1.966 | 2.129 | 2.457 | 3.276 
0.90 | 0.180 | 0.360 | 0.540 | 0.720 | 0.900 | 1.080 | 1.260 | 1.440 | 1.620 | 1.800 | 1.980 | 2.160 | 2.340 | 2.700 | 3.600 
0.89 | 0.196 | 0.392 | 0.587 | 0.783 | 0.979 | 1.175 | 1.371 | 1.566 | 1.762 | 1.958 | 2.154 | 2.350 | 2.545 | 2.937 | 3.916 
0.88 | 0.211 | 0.422 | 0.634 | 0.845 | 1.056 | 1.267 | 1.478 | 1.690 | 1.901 | 2.112 | 2.323 | 2.354 | 2.746 | 3.168 | 4.224 
0.87 | 0.226 | 0.452 | 0.679 | 0.905 | 1.131 | 1.357 | 1.583 | 1.810 | 2.036 | 2.262 | 2.488 | 2.714 | 2.941 | 3.393 | 4.524 
0.86 | 0.241 | 0.482 | 0.722 | 0.963 | 1.204 | 1.445 | 1.686 | 1.926 | 2.167 | 2.408 | 2.649 | 2.890 | 3.130 | 3.612 | 4.816 
0.85 | 0.255 | 0.510 | 0.765 | 1.020 | 1.275 | 1.530 | 1.785 | 2.040 | 2.295 | 2.550 | 2.805 | 3.060 | 3.315 | 3.825 | 5.100 
0.84 | 0.269 | 0.538 | 0.806 | 1.075 | 1.344 | 1.613 | 1.882 | 2.150 | 2.419 | 2.688 | 2.957 | 3.226 | 3.494 | 4.032 | 5.376 
0.83 | 0.282 | 0.564 | 0.847 | 1.129 | 1.411 | 1.693 | 1.975 | 2.258 | 2.540 | 2.822 | 3.104 | 3.386 | 3.669 | 4.233 | 5.644 
0.82 | 0.295 | 0.590 | 0.886 | 1.181 | 1.476 | 1.771 | 2.066 | 2.362 | 2.657 | 2.952 | 3.247 | 3.542 | 3.838 | 4.428 | 5.904 
0.81 | 0.308 | 0.616 | 0.923 | 1.231 | 1.539 | 1.847 | 2.155 | 2.462 | 2.770 | 3.078 | 3.386 | 3.694 | 4.001 | 4.617 | 6.156 
0.80 | 0.320 | 0.640 | 0.960 | 1.280 | 1.600 | 1.920 | 2.240 | 2.560 | 2.880 | 3.200 | 3.520 | 3.840 | 4.160 | 4.800 | 6.400 
0.79 | 0.332 | 0.664 | 0.995 | 1.327 | 1.659 | 1.991 | 2.323 | 2.654 | 2.986 | 3.318 | 3.650 | 3.982 | 4.313 | 4.977 | 6.636 
0.78 | 0.343 | 0.686 | 1.030 | 1.373 | 1.716 | 2.059 | 2.402 | 2.746 | 3.089 | 3.432 | 3.775 | 4.118 | 4.462 | 5.148 | 6.684 
0.77. | 0.354 | 0.708 | 1.063 | 1.417 | 1.771 | 2.125 | 2.479 | 2.834 | 3.188 | 3.542 | 3.896 | 4.250 | 4.605 | 5.313 | 7.084 
0.76 | 0.365 | 0.730 | 1.094 | 1.459 | 1.824 | 2.189 | 2.554 | 2.918 | 3.283 | 3.648 | 4.013 | 4.378 | 4.742 | 5.472 | 7.296 
0.75 | 0.375 | 0.750 | 1.125 | 1.500 | 1.875 | 2.250 | 2.625 | 3.000 | 3.375 | 3.750 | 4.125 | 4.500 | 4.875 | 5.625 | 7.500 
0.74 | 0.385 | 0.770 | 1.154 | 1.539 | 1.924 | 2.309 | 2.694 | 3.078 | 3.463 | 3.848 | 4.233 | 4.618 | 5.002 | 5.772 | 7.696 
0.73 | 0.394 | 0.788 | 1.183 | 1.577 | 1.971 | 2.365 | 2.759 | 3.154 | 3.548 | 3.942 | 4.336 | 4.730 | 5.125 | 5.913 | 7.884 
0.72 | 0.403 | 0.806 | 1.210 | 1.613 | 2.016 | 2.419 | 2.822 | 3.226 | 3.629 | 4.032 | 4.435 | 4.838 | 5.242 | 6.048 | 8.064 


Substituting for d_: 
53d 2 
M, = Se_ 45 x 0.50¢| d — 284 | o.39 fA 
Vain 2 Youn 
for high yield steel: 
fd? 


M,=0.36 


mm 


When the span/depth ratio is less than 1.5 the lever arm 
may be taken as 2/3d and not greater than 0.7 x span. 


Walls with Reinforcement Concentrated Locally, such as 
Pocket Type and Similar Walls 


The thickness of the flange, t,, should be taken as the thick- 


ness of the masonry but not greater than 0.5d. 


The width of the flange (Figure 15.23) should be taken as 


the least of: 


(a) the width of the pocket (or rib) + 12 xt, 


(b) c/c of the pockets, 


(c) one-third the height of the wall. 


flange width 


' LLEGLELL LLL 


aA 


Figure 15.23 Flange width 


1 
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M, is determined as in section 15.3.5, but not greater than: 


M,= Se tora — 0.5¢,)] 
Vente 

When the centres of the pockets or ribs exceed 1 m, the 
wall’s ability to span horizontally, mainly as an arch, 
should be checked (see section 6.6.3). At the ends of the 
wall, movement joint or other discontinuity, when there 
could be inadequate restraint for the ‘arch’ thrust, stiffened 
pockets in ribs should be provided. 


Locally Reinforced Hollow Blockwork 


It is unreasonable to expect hollow blockwork to provide 
the same flange width as solid masonry and the Code 
advises a restriction on the width to 3 x thickness of the 
blockwork. 


15.3.6 Design Formula: Shear Stress 


The behaviour of reinforced masonry members to flexural 
shear forces is more complex than when subjected to bend- 
ing moments. The flexural shear resistance is influenced by 
many factors including the span-to-depth ratio of the mem- 
ber and the type of loading. The design for shear resistance 
is thus based more on past experience than exact analysis. 


The shear stress may be assumed to be 


V 
v=— 
bd 


where 


V =shear force due to design loads 

b=width of section 

d= effective depth (for flanged members the wall thick- 
ness between pockets and ribs when this is less than 
the effective depth). 


The equation assumes a uniform distribution of shear stress 
across the section. This is, of course, a simplification of a 
complex phenomenon, and restrictions based on empirical 
data are placed on the characteristic shear strength of 
masonry, f,. 


When v is less than (f,/¥,,,), no shear reinforcement is 
necessary, although, as in reinforced concrete beam design, 
the inclusion of nominal links in beams may be considered. 


vt cad N/mm? 
Yow 
When 7 is greater than f,/Y,,,, Shear reinforcement should 
be provided so that: 


Ase OOH 1 Voce Vena 
5, 5 


where 


A,, = cross-sectional area of reinforcing steel resisting 
shear force 

S, = spacing of shear reinforcement (links or bent-up 
bars), provided that the spacing does not exceed 
0.75d. 


Shear reinforcement for masonry is usually provided by 
links only and not by bent-up bars. There is little experience 
or empirical data on the action of bent-up bars in masonry 
and there are practical site difficulties in building them in. 


It should be noted that the value of f, for reinforced 
masonry differs from that given for plain masonry in sec- 
tion 6.11.1, and the Code, in clause 7.4.1.3, advises: 


(a) f, for beams and walls = 0.35 N/mm/, when reinforce- 
ment is bedded in mortar designation (i) and (ii). 


(b) For simply supported beams and cantilevers when the 
reinforcement is bedded in mortar and where the ratio 
of the shear span to effective depth is less than 2 


maximum design bending moment 


shear span, 4 = - - 
maximum design shear force 


may be increased by 2d/a,, 


where a, = distance from face of support to nearest edge 
of a principal load. 


The increase, over 0.35 N/mm, is limited to 0.7 N/ 


mm?. 


(c) For simply supported beams or cantilever walls when 
the reinforcement is set in concrete grout and where 
a/dis 6 or less, f, may be increased by a factor [2.5 — 0.25 
(a/d)]. This increase is limited to 1.75 N/mm”. 


(d) For other reinforced sections when the reinforcement 
is placed in pockets, cores or cavities and filled with a 
concrete grout, f, may be obtained from the equation: 


f, =0.35 +17.59 N/mm? 


where p = A,/bd 
This increase is limited to 0.7 N/mm? 


(e) For prestressed sections, f, = 0.35 + 0.6 g, N/mm* but 
not greater than 1.75 N/mm/, where g, = design load 
(including prestress) per unit area acting at right angles 
to the bed joint. 


(f) For simply supported prestressed beams or cantilevers, 
where a/d is less than 6, f, may be increased as in (c) 
above. 


15.3.7 Shear Reinforcement 


Shear reinforcement in the form of links is designed on the 
basis of the truss analogy (as explained in many text-books 
on reinforced concrete). The vertical tie force to be provided 
by the reinforcement must be greater than, or equal to, the 
shear force across the section less the resistance provided 
by the member itself. The spacing of links when required, 
should not exceed 0.75d to ensure that links will pass 
through any potential failure plane (see Figure 15.24), i.e. 
tensile force, T>V. 

The tensile force provided by the reinforcement 

fy 

Yms 


= Piss 


i.e. area of bars x design stress, where fy is the characteristic 
strength of the shear reinforcement. Therefore 
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Figure 15.24 Behaviour of shear links 


fr fe 
Ay, — + bd>V 
Yms Vow 
but V =v,bd, therefore 
ty. We 
Ay ~~ +— xbd20,bd (15.1) 
Yms Vv 


Links will be provided at centres less than the effective 
depth, therefore, several ties will become effective and the 
contribution of the reinforcement will be increased accord- 
ing to the ratio of the link spacing to the effective depth. 
Therefore, number of ties or links = d/S,,, where S,, = spacing 
of links. 


Therefore equation (15.1) becomes: 


d fy fe 
— xA,,x— +—xbd2v,bd 
s 


Vv Yms Ymv 


Hence 


(15.2) 


15.3.8 Design Formula: Local Bond 


It is essential that the reinforcement provided in a flexural 
member is able to act with the mortar/grout/concrete. 
Referring to Figure 15.25, it has previously been established 
that the change in tensile force in the reinforcement 
between AB and CD is given by T, — T, and that this may be 
expressed as (M, — M,)/I.. 


shear stress 
parabolic above NA 


Figure 15.25 Shear stress distribution 


This change in tensile force is balanced by the shearing 
stresses in the surrounding mortar/grout. The forces must 
be transmitted between steel and mortar or grout via the 
adhesion between the two. That is to say, the strength of the 
adhesive bond between the two must be greater than or 
equal to the change in force. The strength of the adhesion 
may be defined as the product of the bond stress and the 
contact area between steel and mortar grout, i.e. 


(fos/ mb) X SL X % Dia 
where 


fps is the characteristic local bond strength 

Ymb iS the partial factor of safety (see Table 15.2) 

SL is the length of bar being considered (see Figure 15.25) 
Dia is the diameter of the bar. 


m Dia may be replaced by Xu, where Xu is the sum of 
perimeters of the bars providing the tensile reinforcement, 
i.e. strength of adhesive bond is (f,,/Ymp) X OL X Lu. 


Thus the total design adhesion must be greater than or 
equal to the design force to be transferred, i.e. 


M,— M. 
fs ssi xzu2 Me™ 


Ymb a 


Rearranging this becomes: 


tis > M)-M, 
Ymb OLX Lux, 


But, as before, (M, — M,)/8L is equal to the rate of change in 
bending, which in turn is equal to the shear force V, as 
explained earlier. Thus 


fos, id 
Ymb LUX, 


(15.3) 


As before, with the shear stress, this is generally expressed 
as: 


(15.4) 


The Code omits discussion of local bond, but the authors 
are of the opinion that designers should consider local 
bond. 


15.3.9 Characteristic Anchorage Bond 
Strength, f, 


The characteristic anchorage bond strength, f,, between 
mortar and steel is given in Table 5 of BS 5628 Part 2. 


The detailing of reinforcement should generally follow the 
guidance given in BS 8110, but adjusted as necessary to take 
account of the differences in materials and construction. 


15.3.10 Design for Axial Loading 


The design loadings are determined in the normal manner. 
When determining the design strength, the effective height 
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or length of an element should be as defined in BS 5628, 
Part 1. 


Effective Thickness 


The effective thickness should be as defined in BS 5628, 
Part 1, clause 28.4. For grouted cavity walls the effective 
thickness should be taken as the actual thickness. 


Design Formula for Axial Loading 


The design vertical axial strength of a reinforced masonry 
element, where the slenderness ratio does not exceed 12, 
is simply the combination of the vertical axial strength 
of the masonry in compression, as determined for un- 
reinforced masonry, plus the vertical axial strength in com- 
pression of the reinforcement. Where the slenderness ratio 
exceeds 12, the column is subject to bending, references 
to BS 5628, Part 2 should be made. The capacity reduction 
factor is applied to account for slenderness effects as with 
plain masonry. 


Design vertical axial strength = B (compressive strength of 
masonry + compressive strength of reinforcement), where 
B is the capacity reduction factor based on the slenderness 
ratio as determined from BS 5628, Part 1, clause 28. 


‘ A 
Compressive strength of masonry = f,, x — 


mm 


where 


f, = characteristic compressive strength of masonry 
A= cross-sectional area 
Ymm = Partial safety factor for masonry. 


A 
Compressive strength of reinforcement = 0.83f, x — 
¥ 


15.4 Example 1: Design of Reinforced 
Brick Beam 


Reinforced brickwork beams are required to span 3.0 m, 
spaced at 3.0 m centres supporting a concrete floor as 
shown in Figure 15.26. The bricks have a compressive 
strength of 20 N/mm/. 

Masonry Stresses 


Characteristic compressive strength of masonry, f,, using 
standard format bricks in designation (ii) mortar = 6.4 
N/mm. 


Characteristic shear strength, f, = 0.35 N/mm/?. 


Steel Strength 

Characteristic tensile strength using hot-rolled deformed 
high yield steel = 460 N/mm. 

Partial Factors of Safety 

Loads: dead load + imposed load, combination 


Design dead load =0.9G, or 1.4G, 
Design imposed load = 1.6Q, 


Materials: 


For brickwork in compression and shear, assume special 
manufacturing and construction control, Y,,, = 2-0. 


Bond between mortar and steel: 
bricks, y,,), = 1.5 ultimate limit state. 


Density of brickwork = 20 kN/m*. 


Loading 


Characteristic dead load: 


ea 150 mm rc floor 24x0.15= 3.6kN/m? 
where 50 mm screed 24x0.05= 1.2kN/m? 
Partition allowance = 1.0kN/m2 
f, = characteristic compressive strength of masonry = 5.8kN/m2 
A, = cross-sectional area ; 
Yms = Partial safety factor for steel reinforcement. Design dead load 14x5.8= 8.1kN/m 
Thus design vertical axial strength Chovactensheumpoeed load = L5KN/m’ 
: Design imposed load 1.6x1.5= 24kN/m2 
A 0.83f,A Total design load 8.1x2.4=10.5kN/m? 
Na=B ee (15.5) 
a Y ms Design UDL on beam 10.5 x 3=31.5 kKN/m? 
Design dead load due to self- 
(See section 15.7.) weight of beam (estimated) = 85kN/m? 
= 40.0 kN/m? 
50 screed 150 rc floor screed rc floor 
A 
Ft 
— e327 
3000 “/, | 3000 */, 
+ > 
section elevation 


Figure 15.26 Details for Example 1 
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Beam is simply supported 


40x 3? 


Design bending moment = =45kNm 


Maximum design shear force, V, = =60 kN 


40x3 
2 


Effective depth, d, required to provide a moment of resis- 
tance equal to this value: M, = Qbd*. Therefore 


mica 


for Ymm = 2-0 and f, = 6.4 N/mm/?, since M, = 0.375 
(f./ Yor) 04* as a maximum value (0.375 is the average value 
between 0.39 for mild steel and 0.36 for high yield steel, see 
section 15.3.5). 


Take b = 327 mm, then 


6 
d required = ol 


0.375 x = x 327 


=338 mm 
Depth required to resist shear without shear reinforcement: 
In accordance with section 15.3.6(d), 

f,=0.35 + 17.5p 


339 


—— =0.0013 (assume 3T12 bars). 
327 x 800 


where p = 7 = (say) 


Hence, f, = 0.35 + (17.5 x 0.0013) = 0.37 N/mm? 
Design shear strength, v,, = (0.37/2.0) = 0.185 N/ mm? 


d required = ve 
On 
_ 60x 10° 
~ 0.185 x 327 


=992 mm 


Therefore provide shear reinforcement and try 327 wide x 
900 deep overall beam, which is a multiple of the height of 
one brick course and gives an effective depth of 790 mm, i.e. 
allowing one course of brickwork plus 25 mm cover plus 
half bar diameter (see Figure 15.27). 


Moment of tensile resistance 


A, fil, 
M.. a — 
Yms 
Therefore, area of reinforcement required: 
MY ns 
A,= — 
fl, 


Estimating the lever arm /, as 0.90d, 


_ 45x 10°x1.15 
S460 x 0.90 x 790 


Use two T12 bars (226 mm’). 


=137 mm? 


grout shear links 


ry 


327 


Figure 15.27. Shear link construction in Example 1 


Check Value of Lever Arm 


The actual value of the lever arm is now calculated to 
ensure that the value assumed before in the calculation of 
A, was reasonable. 


L=dl1 cal Ym (= 
° Yims 1.5f, bd 


: (j 226 x 460 x 2.0 x 0.58 | 


1.15 x 1.15 x 6.4 x 327 x 790 


=0.95d 


This is greater than the assumed value and is therefore 
satisfactory. 


Check Percentage of Reinforcement in Grouted Void 


There is a maximum practical percentage of reinforcement 
which can be accommodated in the grout void which may 
be assumed to be 4% of the grouted area. 


226 


Reinforcement percentage = ———— 
100 x 150 


= 1.5% of the grouted area 


This is acceptable. 
Shear Links 
Flexural shear strength, f, =0.37 N/mm? 
Design shear load, V =60 kN 
V 10° 
Design shear stress, v,=—— = eee al 
bd = =327x 790 
=0.23 N/mm? 
Design shear strength = Se = = 
=0.185 N/mm? 
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front elevation 


continuous vertical 


LHL rll | 


half-bat 


327 


position of links 
denoted by ‘x’ 


327 


plan of course — R 


Figure 15.28 Position of shear links in double Femish bond brickwork beam 1'/2 bricks thick 


Thus design shear strength is less than design shear stress. 
Links should normally be provided unless the design shear 
strength is greater than the applied design shear stress. 


Positioning of Links 


According to the type of bonding, continuous vertical 
mortar joints occur at intervals. At these positions 8 mm 
diameter bars could be accommodated (if necessary the 
corners of the adjacent bricks could be removed to provide 
more space). Figure 15.28 shows that continuous joints suit- 
able for accommodating links occur at 225 mm centres. 
Links would not be required where the shear stress was less 
than the shear strength. Where links are provided but not 
calculated to provide a specific shear value, they are termed 
nominal links. 


Design of links 


Le. 


Agy 5, 327(0.23 - 0.185)1.15 
S. 250 


Vv 


—¥ > 0.068 


Vv 


w| > 


This is provided by R8 links at 225 mm centres. 


Local Bond 


Characteristic local bond strength, f,, = 2.8 N/mm? for 
grade C30 concrete. 


Design local bond strength = = = 1.87 N/mm? 


Local bond stress = 


Lu xd 


60 x 10° 


= —————_ = 1.0 N/mm? 
2n x 12x 790 


Design local bond stress < design local bond strength. 


15.5 Example 2: Alternative Design for 
Reinforced Brick Beam 


For use when the depth of the beam is to be restricted. Beam 
depth is arrived at as follows: consider what shear rein- 
forcement it is possible to get in the beam; calculate min- 
imum depth based on shear resistance thus obtained. This 
gives a smaller depth than the first method. The first part of 
the calculation is as before. 


Depth Required to Resist Shear 


According to the type of bonding, continuous vertical 
mortar joints occur at intervals. At these positions, 8 mm 
diameter links could be accommodated in the joint (if neces- 
sary the corners of the adjacent bricks could be removed to 
provide more space). Figure 15.28 shows that, for a beam 
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built in double Flemish bond, suitable locations for links 
occur at 225 mm centres. Assuming then that R8 shear links 
at 225 mm centres will be used, a suitable depth of beam can 
be calculated. 


Minimum depth required, using R8 shear links at 225 mm 
centres: 


where 


A,, =2 x 50.3 (R8 link) 
S,=225 mm 
b=327 mm 
f, assume this approach yields a depth less than 
750 mm; therefore the lower value of f, must be 
used, i.e. 0.35 N/mm? 
Ymv = 2:0; fy Voy = 0-175 N/mm? 
Ymg = 1-15 
f, =250 N/mm‘ for mild steel. 


Therefore 


50.3%2 . 327(,-0.175)1.15 
225” 250 


50.3 x2 x 250 +0.17520, 
225 x 327 x 1.15 
0, $ 0.472 N/mm? 
v, = V/bd, where V =60 kN and b = 327 mm, therefore 


60x 108 
~ 327 x 0.472 


= 389 mm 
Minimum effective depth =389mm 


bar diameter 
2: 


10mm 


y say, 


cover = 25mm 


1 course of brickwork below = 75 


Overall depth of beam =499 mm 


The nearest size greater than this figure, which is also a 
multiple of the height of one brick course, is 525 mm (giving 
an effective depth of 415 mm), see Figure 15.29. Use 327 
wide x 525 overall deep beam. 


It can be seen that the designer has great scope to design a 
suitable beam for many different visual circumstances and 
within certain limits can vary the design to achieve a 
desired depth. 


Ultimate Compressive Moment of Resistance of Beam 


M,=Rbd? 
=1.0x 327 x 4157 
=56.3kNm 


525 


327 


Figure 15.29 Beam section in example 2 


(Design bending moment = 45 kN m, which is less than the 
moment of resistance.) 


Ultimate moment of tensile resistance: 
Afil 
s ¥: a 
M,, ree aan 
Yms 


Area of reinforcement required: 


Estimating |, as 0.80d 


_ 45x 10°x 1.15 
5 460 x 0.80 x 415 


= 339 mm? 


Use 2 T16 bars (provides 402 mm”). 


Check Value of Lever Arm 


The actual value of the lever arm is now calculated to 
ensure that the value assumed above in the calculation of A, 
was reasonable: 


ie 1-[ ta 22) 
Ys J 115, JL bd 


-«1 2 1072098] 


1.15 x 1.5 x 6.4 x 327 x 415 


=0.86d 


This is greater than the assumed value and is therefore 
satisfactory. 


Local Bond 


Characteristic local bond strength, f,, = 2.1 N/mm? 


Design local bond strength = =14N/mm?2 

. V 
Design local bond stress = ——— 
Lu xd 


60 x 10° 


= ___ =] 44N/mm2 
2m x 16x 415 


Slight overstress, but say okay. 
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300 K<« 


Figure 15.30 Wall section Example 3 


15.6 Example 3: Reinforced Brick 
Retaining Wall 


The retaining wall shown in Figure 15.30 is to be con- 
structed in two leaves of brickwork, the outer leaf being 
thicker than the inner, with a 100 mm cavity to take the 
reinforcement, which is to be grouted after construction. 
Design height = 1.8 m. 


The loading on the wall will include a particularly severe 
surcharge as indicated in the design calculations. 


In accordance with BS 5628, Part 3, Table 13, special quality 
bricks in designation (i) mortar are to be used. To comply 
with the requirement of special quality, use bricks having 
a water absorption not greater than 7%, and crushing 
strength, say 27.5 N/ mm. The wall retains dry sand toa 
depth of 1.8 m. Assume manufacturing and construction 
control both special, therefore y,, = 2.0. 


Characteristic compressive strength of bricks of 27.5 N/ mm? 
crushing strength in designation (i) mortar, f, =9.2 N/ mm’. 


Characteristic flexural strength of bricks having a water 
absorption less than 7% in designation (i) mortar f,, = 
0.7N/mm?. 
Design Load 
Retained material, fine dry sand: 
Angle of internal friction = 30° 
Density = 17 kN/m° 
q,y =k, x density xh 


where k, = +030" 9.33 
1+sin 30° 
Allow 1 m surcharge to allow for surcharge loading at high 


level. 


Characteristic horizontal pressure due to retained material 
behind wall: 


=0.33x17xX1 =5.6kN/m?2 
0.33 X17 x 2.8 = 15.7 kN/m2 


at top 
at base, q, = 


Design load= Q,, x ¥; 
(where y; is 1.2 for earth or water load) 


Design load (top) =5.6 x 1.2=6.72 KN/m? 
(base) = 15.7 x 1.2=18.9 kN/m? 


(See Figure 15.31.) 


area used for storage 
1500 


12.18 
6.72 a 


pressure diagram 


Figure 15.31 Soil pressures Example 3 
=. 100 
102 


Figure 15.32 Plan on reinforcement position in wall in 
Example 3 


Overturning Moment 
2 
6.72 x 1.8 =109kNm 
12.18 x oe 


xX — x —= 66kNm 
2: 3° 
Total =17.5kN m 


Try the Following Section 


Note that the width of the grouted cavity shown here 
(100 mm) is the minimum practical width to ensure suffi- 
cient cover to the reinforcement. The use of galvanised rein- 
forcement should also be considered depending on the 
required life of the wall. 


Effective depth (see Figure 15.32): 
d=215+ =265mm 
My= Qbd? 


17.5 x 10° 


————,, = 0.249 
1000 x 2657 


therefore Q= 


For f, =9.2 N/mm? and Yun = 2-0, C= 0.95 (see Figure 15.22). 


i MaYms 


Ape 
fy =460 N/mm? 


1, =0.95d 
Therefore 


_ 17.5 106% 1.15 
S460 x 0.95 x 265 


=174mm?/m 


Use T12s at 300 mm centres. 
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This reinforcement is vertical reinforcement and some lon- 
gitudinal bars should be provided to tie these together for 
ease of construction. Therefore, provide T10 bars longitudin- 
ally at 600 mm vertical centres. 


Check Shear 
V =6.72 x 1.8+12.18 x 2 
=12.14+11.0 
=23.1kN 


f, = 0.35 + 0.0008 = 0.351 N/mm? 


Design shear strength = Ie a = =0.176 N/mm? 
Ymv 
23.1 x 10° 
Shear stress = 0, = era =0087 N/mm? 
1000 x 265 
< 0.176 N/mm? 


Clause 8.2.5.2 of the Code allows a reduction in the design 
shear stress if inclined bars are used in retaining walls. This 
is not applicable in this example. 


Check Local Bond 
Characteristic local bond strength, f,, = 2.8 N/mm? 


Venb = 1-5 


Design local bond strength = fos = 1.87 N/mm? 
Yb 


Design local bond stress = 


Lu xd 


23.1 x 103 


TX ao x 265 
300 


12 


=0.71 N/mm? 
< 1.87 N/mm2 


The main vertical reinforcement must, of course, be bonded 
into the concrete base. A concrete base should now be 
designed, its size being such as to give a suitable factor of 
safety against overturning and sliding (see Figure 15.33). 
This is beyond the scope of this book. 


Qy = 180 kN 


G, = 300 KN including own 
weight 


assume 20 N/mm? bricks 
in mortar designation (ii) 
Ymm = 2.3; {= 6.4 N/mm? 
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Figure 15.34 Details for column in Example 4 


t 


rc base 


Figure 15.33 Reinforced concrete base and drainage 
for wall in Example 3 


15.7 Example 4: Column Design 


Calculate the area of reinforcement required for the column 
shown in Figure 15.34 subject to the loading shown (see sec- 
tion 15.3.10). 

hg _ 7000 _ 


Slenderness ratio —+ 16 
tog 440 


As 
Ys 


Design vertical axial strength, Nj 2 applied design load 
(1.4G, + 1.6Q,) = (1.4 x 300) + (1.6 x 180) = 708 kN. 


therefore B = 0.83. 


Design vertical axial strength 


Naz teen + 0.83f, 


mm 


Therefore 


A 
708 kN <p 5A + 0.83f, — | 


mm ms 


If A, required is the area of reinforcement required 


fe ‘) 
Yma 
Substituting for y,,,, etc., and assuming high yield steel 
reinforcement, 


708 Y ms 


0.83f, 


x 105 


A, required = 


A, required = [2 x10° 64x ) x —_b15 
0.83 2.3 0.83 x 460 
> 946 mm? 
= 
ry J 
7 

“| (ST 
AV “5 

1st course pdieounee 


Reinforced and Post-tensioned Masonry 263 


compressive 
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foundation 
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P 
“eo™ 
AR M plate and nut 


increased for Ivi 

compressive dae OF applying 

stress tore 
critical critical 
tensile tensile 
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post-tensioned 
rod anchored 
into foundation 


foundation 


Figure 15.35 Post-tensioned brickwork fin wall under vertical and horizontal load 


Adopt four No. T20 diameter bars which give an area of 
1260 mm?. 


Links should be provided in accordance with the recom- 
mendations of BS 8110. 


15.8 Design of Post-tensioned Brickwork 


15.8.1 General 


In order to introduce the idea of post-tensioned masonry in 
a little more detail, and before considering specific aspects 
of design and design examples, it may be of value to first 
briefly consider its use in a particular application — post- 
tensioned fin walls. 


As discussed earlier, because of masonry’s low resistance to 
tensile stresses, it is often advantageous when high bending 
moments and/or uplift forces have to be resisted in loca- 
tions of low gravitational loads to incorporate a material 
which is good in resisting tensile stresses. This can either be 
in the form of reinforcement to resist the tensile stress, or 
post-tensioned rods to create additional compressive stress 
in the masonry to cancel out the excessive flexural tensile 
stress. In many cases, it is more economical to post-tension 
than to reinforce and, in the case of fin walls, and other 
applications, experience to date favours the use of post- 
tensioning. 


Simplified Design Philosophy 


Consider a section of a brick fin wall of cross-sectional area, 
A, and section modulus, Z, resisting a compressive load, P, 
and a bending moment, M (see Figure 15.35). 


For the normal stress condition, the stress in the extreme 
fibres =(P/A+M/Z) for an uncracked section. For anormal 
section under combined bending and compression, in a 
typical fin wall situation, it would be the allowable flexural 
tensile stress which would limit the resistance moment. 
Therefore it is (P/A —M/Z) which is critical, and not (P/A+ 
M/Z). It follows that increasing (P/A) improves the critical 
condition by reducing the flexural tensile stress when the 
bending moment, M, is applied. Thus where possible, it is 
logical to make use of the remaining allowable compressive 
stress by increasing P by post-tensioning with an applied 
force, T, so that when the bending moment is applied the 
resulting flexural tensile stress is below the allowable limit. 


tension rod 
applied 


M 
tensile force 
T 
foundation 


Figure 15.36 Location of post-tensioning rod in wall 


post 
tensioned 
rod 


A check must also be made for the combination of (P/A + 
M/Z), plus the post-tensioning stress in the brickwork to 
check the maximum combined compressive stress against 
the allowable value. 


Location of Post-tensioning Rods 


The post-tensioning rod should be located within the crit- 
ical section so that M is also reduced by the eccentricity of 
the rod (see Figure 15.36), but regard must be given to the 
effect of this eccentricity at the other critical section for the 
reverse applied bending moment induced by the eccentric 
post-tensioning force. 


The resulting stress at the tensile face of the section shown 
in Figure 15.36 would now be 


giving a much reduced flexural stress. The effect of the post- 
tensioning is, therefore, to reduce the section size required 
to resist the combined bending and direct loading condition. 


It should be noted that, depending on the location of 
the rods, there may be a change in the strain due to bend- 
ing, which may affect the post-tensioning force. As with 
prestressed concrete design to BS 8110, pending further 
research, this may be ignored. 


Method and Sequence of Construction 


The foundations are cast with the post-tensioning rods 
anchored in. The masonry wall is then constructed, leaving 
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proprietary 
paint and 


nut and tape protection 
plate threaded end anchorage unpainted down to a level 
post- SS ra and cast into the 75 mm into base 
tensioned ; foundation | 
rod in slot 
torque t 
spanner a rN 
foundation 


x 


Figure 15.37 Construction method of post-tensioned wall 


Y _— fin 
post-tensioned rod 


painted with 
bitumen 


foundation extent of bitumen 


as design anchorage 


typical bond anchorage detail 


Figure 15.38 End anchorage in post-tensioned wall 


suitable voids around the rods. At the top of the wall, the 
threaded upper ends of the rods are allowed to project. 
When the masonry has cured, a plate is placed over the 
upper end of each rod on the top of the wall. Nuts are 
screwed onto the threads and tightened down to a pre- 
determined torque using a calibrated torque spanner. The 
threads must be kept clear of foreign matter and be lubri- 
cated to give a calculable force in the rod when the torque is 
applied. For high levels of prestress, hydraulic jacks are 
used as in prestressed concrete. 


On completion of the post-tensioning, voids can, if 
required, be filled with a slurry grout, in which case they 
should be constructed with vent holes up the height of 
the wall. The amount of grout should be predetermined by 
calculation so as to provide a check that the voids have been 
completely filled. However, in most cases, the voids are left 
ungrouted — the rods being protected above the foundation 
anchorage by a tape and paint product such as ‘Denso’ (see 
Figure 15.37). 


The method of corrosion protection should be chosen to 
suit the exposure conditions and the stress condition in the 
rods. It should be noted, however, that where the anchor- 
age of a rod relies upon bond stress, any protective coating 
that is likely to slip under load must not be used within the 
designed length of anchorage (see Figure 15.38). 


concrete foundation 

note: care needed to see that detail 
carefully constructed to give adequate 
protection and to maintain bond of 
anchorage length 


fin 


post-tensioned rod 
painted with 
bitumen 


no bond taken into 
account for design 


typical mechanical anchorage detail 


=<+— roof beam 


post- 
tensioned 
WA WA rods and 
beam 
[ee] , anchors 
Vim ‘i V4 
grouted 
cavity vent holes 
section 1-1 


Figure 15.39 Anchorage of roof beams at top of wall 


At the location of beam bearings, it is often convenient to 
use the post-tensioning rods as an anchorage for the roof 
beams (see Figure 15.39). 


High Walls in Post-tensioning Construction 


In high walls, post-tensioning rods should be jointed in order 
to restrict the projecting length to a manageable amount. 
The length should be determined from consideration of 
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the bar diameter, the possibility of temporary support from 
scaffolding, etc., and the likely wind exposure during con- 
struction. The joints must be of sufficient strength to resist 
the forces involved, should be simple to construct, and 
adequately protected against corrosion. Bottle connectors 
or welded joints are suitable. 


On very high or multi-storey buildings, where temporary 
stability of the post-tensioned wall becomes more critical if 
the total post-tensioning is left until completion of the 
brickwork, a phased sequence of the post-tensioning can 
be operated as the work progresses. For example, at pre- 
set levels within the height of the wall, the rods can be 
post-tensioned as the brickwork reaches each level, leav- 
ing a projection of threaded rod onto which an extension 
sleeve can be fixed to continue the rod to the next stage. 
Alternatively, a number of rods can be used, relating the 
necessary height of each rod to the design condition and 
curtailing it at a suitable level. This will result in rods which 
curtail at various heights up the wall. Post-tensioning of the 
rods as the wall reaches the curtailment level will give 
added stability to the wall as the work progresses to the 
next height. The addition of loading on a previously post- 
tensioned section may reduce the post-tensioning in that 
section by changing the strain in the rod. This effect should 
be considered when using this technique (see Figure 15.40). 


15.8.2 Post-tensioned Masonry: Design for 
Flexure 


In reinforced masonry in bending, the lack of tensile 
strength is overcome by providing reinforcement to resist 


stage 3: final post- 
tension applied 


threaded sleeve 


for extension stage 2: apply second 


post-tension 


plate and nuts 
for applying 
post-tension 
force by means 
of a torque 
spanner 


stage 1: apply initial 
post-tension 


<+— fin 


extension sleeve method 


Figure 15.40 Typical detail for tall post-tensioned fins 


M/Z 


+ 
P/A applied force 
and own weight 


Figure 15.41 


bending 


the tensile stresses. Another solution to this problem is to 
provide sufficient precompression within the member so 
that the net tensile stresses, when flexural stresses are com- 
bined with this compressive stress, are very small or zero. 
For masonry it is considered that, under the application of 
working loads, the combined flexural tensile stress should 
be limited to zero. 


Post-tensioning, as applied to masonry, is basically the 
addition of compressive axial loading, which may or may 
not be applied eccentrically, to reduce the flexural tensile 
stresses set up in the member due to bending. By applying 
the axial loading eccentrically, for example in a member 
subject to lateral loading from one direction only, flexural 
tensile and compressive stresses may be induced in reverse 
to those set up under the application of the working lateral 
load. The combination of axial loading with the applied 
lateral loading produces an increase in the total compres- 
sive stress which the masonry is more able to accommodate 
and a reduction in the tensile stresses (see Figures 15.41 
and 15.42). 


The applied force and its eccentricity may be varied to 
produce design stresses within the allowable limits of the 
tensile and compressive strengths of the masonry. 


The simple basic idea of post-tensioning is made complic- 
ated, as far as the design is concerned, by the natural prop- 
erties of the materials involved which may cause changes in 
the applied force after its application. The initial applied 
force may be reduced by losses or increased by gains which 
may occur due to any or all of the following: 


stage 3: post-tension and 
curtail rods 5 and 6 


stage 2: post-tension and 
curtail rods 3 and 4 


stage 1: post-tension and 
curtail rods 1 and 2 


curtailment method 


0 or small 
+ve or -ve 


Stresses produced using concentric position of prestressing force 
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+ a 
+ + 
P/A Pe/Z 


be eccentrically applied force _ 


= + 
M/Z 
bending 


P = applied post-tension force and own weight plus vertical load 


A = area of section 
M = applied bending moment 
Z =section modulus 


Figure 15.42 Stresses produced using eccentric position of prestressing force 


(a) moisture movements in the masonry, 
(b) relaxation of the post-tensioned steel, 
(c) elastic deformation of the masonry, 
(d) friction, 

(e) natural growth of clay brickwork, 

(f) creep of brickwork and blockwork, 
(g) thermal movement. 


These are the main factors influencing losses or gains in the 
post-tensioning force as applied, in its simplest form, to 
masonry. 


The stresses must therefore be checked for the conditions 
appertaining when the post-tensioning force is initially 
applied and then again after all or most of the losses have 
occurred. If gains are expected, which is generally less 
likely, allowance for this should be made in assessing the 
stresses applicable at any particular design stage and the 
strength assessments, which are described in the following 
pages, must be adjusted accordingly. 


As the flexural tensile stresses are eliminated (or reduced to 
nominal acceptable amounts) owing to the application of 
the load to be supported, an elastic analysis is appropriate. 
The design is therefore based on design strengths using the 
appropriate partial safety factors and capacity reduction 
factors where applicable. 


15.8.3 Design Strengths 


The basic characteristic compressive strength of masonry, 
f,, may be increased to allow for: 


(a) the permanence of the strength requirement, 
(b) flexural compressive stresses as opposed to axial com- 
pressive stresses. 


The partial loss of post-tensioning force, which commences 
immediately after its application, may be taken to consti- 
tute a temporary force prior to the losses and a permanent 
force after losses. The magnitude of the total losses allowed 
for in the design is approximately 20%, which will be dis- 
cussed later in this chapter, and it is therefore considered 
reasonable to increase the characteristic compressive strength 


of the masonry by 20% to accommodate the short-term 
duration of this loading condition. 


The percentage increase on the characteristic compressive 
strength, to take account of its application as a flexural com- 
pressive strength, should vary depending on the ratio of 
axial to flexural compressive stress being applied. If the 
applied stress is wholly axial, f, should not be increased at 
all. If the applied stress is wholly flexural, it is considered 
reasonable to increase f, to 1.5f, as is used in reinforced 
masonry design. A sliding scale of increase factors should 
be devised from research on the basis of the principles 
described and possibly incorporating a unity factor relating 
actual and allowable stresses for both axial and flexural 
loading. In the absence of such a scale it is proposed that a 
global figure of 1.25f, should be adopted for general situ- 
ations, with adjustments made to this figure, at the discre- 
tion of the designer, when extreme cases are considered. 


Care should be exercised in assessing the stress condition at 
all critical stages of loading for each different type of ele- 
ment to be analysed. For example, consider the following 
two totally differing elements described briefly as: 


Case (1): Masonry beam, spanning horizontally and sup- 
porting predominantly dead loads. 

Case (2): Masonry wall panel, spanning vertically and sup- 
porting equal wind forces in either direction. 


Case (1) element would most likely be post-tensioned 
eccentrically to induce the reverse stress diagram to that of 
the working loads. Hence, the situation prior to losses 
would be that of a temporary strength requirement limited 
by the flexural compressive stress on one side of the stress 
block and zero flexural tensile stress on the other side. It 
is considered reasonable to limit the design flexural com- 
pressive strength in this situation to 1.20 x (1.25f,;/Ymm) in 
which both increase allowances have been exploited and 
fg is the characteristic compressive strength of the masonry 
at the age at which the post-tensioning is applied. 


For the same element, the next loading stage to be ana- 
lysed is after all losses are assumed to have taken place and 
the applied load added (including removal of props from 
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udl predominantly dead loading 


post-tensioned 
rod placed 

eccentrically in 
depth of beam 


elevation of post-tensioned masonry 


zero flexural 1.25f, 


«— tensile stress Ymm 

¢ —| eee 
1 20 (42) zero flexural 

: Ynm tensile stress 


(a) initial stresses 
before losses and 
before application 
of loading 


(b) permanent stresses 
after losses and 
after application 
of permanent load 


Figure 15.43 Stresses arising at stages in prestressing 
and loading 


beneath the beam). This is now the permanent working 
state for this element and the reversed stress diagram 
should now limit the design flexural compressive stress 
to 1.25f;,/Ymmr in which only the flexural aspect of the 
increase is exploited and the masonry is assumed to have 
gained its full characteristic compressive strength value of 
f,. The stress diagrams for these loading situations on case 
(1) element are shown in Figure 15.43. 


The application of the capacity reduction factor, B, to these 
strength limitations is applicable in certain circumstances 
and is discussed in the worked examples which follow. 


Consider now case (2) element in which the post-tensioning 
force would be most effective if applied concentrically to 
have an equal effect on the flexural tensile stresses from 
each direction of wind loading. The situation prior to losses 
would be that of a temporary strength requirement for axial 
compressive stresses only and shows as a rectangular stress 
block in which the design compressive strength is limited 
to 1.2BfiG/Ymm- After losses and under the application of 
the wind loading the situation could be considered as that 
of a more permanent strength requirement limited by the 
flexural compressive stress on one side of the stress block 
and zero flexural tensile stress on the other side. In this 
instance for solid walls the design flexural compressive 
stress may be limited to 1.25f,/Ynm, and the capacity 
reduction factor, B, is applied inversely to the actual stress 
resulting from the axial load only, as it is considered inap- 
propriate to apply it to the flexural compressive stress in 
solid walls. 


Hence, the design equation is written as: 


Fac < 1.25f;, 
Bo Yon 


ag 


where 


fab = design flexural compressive stress 
faac= design axial compressive stress 
B=capacity reduction factor 
f,,= characteristic compressive strength 
= partial safety factor on materials. 


Youn 


For geometric profiles, such as the fin or diaphragm wall, 
where under certain conditions the whole of the stressed 
area can buckle under the combined flexural and axial com- 
pressive loading, the factor should be applicable in the nor- 
mal way and the design equation in this situation may be 
written as: 


25Bf;, 


Actual combined stress < a 
While the application of the wind loading is described as a 
more permanent strength requirement, it could equally be 
argued that wind loading is of a particularly temporary 
nature and thus, a temporary strength allowance could be 
considered. 


The compressive strength requirement may, however, be 
dominated by the post-tensioning force which is now a 
more permanent load and it is therefore recommended 
that the temporary nature of the wind load is ignored so far 
as stress increases are concerned. In addition, its temporary 
nature is catered for in the allocation of partial safety factors 
(y,) for loads for differing load combinations. 


With this element, a third and more critical loading situ- 
ation requires analysis, this being the more common perma- 
nent working state of the wall, in which the post-tensioning 
has been affected, losses have occurred but no wind load- 
ing is applied. This loading situation is similar to that which 
occurred before the anticipated losses. Hence, the design 
compressive stress is limited to Bf,/Ypm and shows as a 
rectangular stress block. 


The stress diagrams for each of these three loading situ- 
ations are shown in Figure 15.44. 


15.8.4 Steel Stresses 


The maximum initial stress in the post-tensioning rods 
should be limited to 70% of the normally applicable design 
strength of iy /Ymsr in which y,,, has been given in Table 15.2 
as 1.15. The purpose of this additional partial safety factor is 
to limit the stress relaxation in the steel which has a signi- 
ficant effect on the loss of post-tensioning force to be expected. 


15.8.5 Asymmetrical Sections 


Particular care is required when analysing asymmetrical 
sections such as the fin wall, as the section has two Z (section 
modulus) values. The appropriate Z value must be care- 
fully selected for each level considered, for both directions 
of lateral loading and for both flexural tensile and flexural 
compressive stresses. 
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1.2Bf, 
vy Ymm 


rectangular stress 
block 


1.25f, 
i Ymm 
i 
zero flexural tensile Ymm 
stress 
Bf 
Ymm 


rectangular stress 
block 


for solid wall 


for fins, diaphragms 
and the like 


(a) temporary stresses 
before losses and 
no wind load applied 


(b) stresses after losses 
with full wind load 
applied 


(c) stresses after losses 
and no wind load 
applied 


Figure 15.44 Stresses arising at stages in prestressing and loading 


15.8.6 Losses of Post-tensioning Force 


For most applications of post-tensioning to masonry as 
presented here, it is considered that 20% losses in the post- 
tensioning force due to all of the various factors may be 
assumed. (This excludes losses due to elastic contraction, 
which are eliminated in post-tensioning.) A more accur- 
ate figure could only be determined by a programme of 
research into the various effects. The need for a more accu- 
rate figure is debatable, bearing in mind the quality control 
and practicalities of construction, and that the 20% figure 
has proved satisfactory over a considerable period. In par- 
ticularly specialised applications with very strict quality 
control, it may be considered worthwhile to determine a more 
accurate figure. However, more research is required with 
regard to gains of post-tensioning force in clay brickwork due 
to the long-term expansion noted earlier, and little is under- 
stood about this phenomenon in relation to post-tensioning. 


Assessment of Losses 


(a) Creep and moisture movements 

When loading is applied to masonry, there is an instantan- 
eous shortening due to contraction from compressive 
forces which is termed the elastic deformation, and then a 
further deformation which is time-dependent and known 
as creep. Much research has been undertaken into creep 
in concrete. However, relatively little has been done with 
regard to masonry. The mechanism of creep in masonry 
appears to be similar to that of concrete, although there are 
important differences. 


Moisture causes various reversible and irreversible move- 
ments in masonry clay. Bricks undergo a comparatively 
small and reversible expansion and contraction due to wet- 
ting and drying. A much larger and irreversible expansion 
occurs immediately after firing. Most of this expansion 
occurs within the first seven days for the majority of units, 
continuing at a decreasing rate for about six months, when 
a limiting value is reached. In addition to these two types 
of movement, there appears to be, in some clay bricks, a 
much longer-term permanent expansion movement, pos- 
sibly related to moisture movements within the bricks. The 
longer-term expansion may be greater than the contraction 
due to creep, thus clay brickwork can expand or ‘grow’ 
after the initial elastic compression. Thus in the long term, 


there may be no net losses in the post-tensioning force due 
to creep and moisture movements but, in some cases, a pos- 
sible effective gain. This increase may cause problems of 
cracking and local crushing around bearing plates, etc., and 
should be considered in the design. 


The effect of creep should also be considered, as the two 
effects cannot reasonably be assumed to counteract one 
another. Figures for moisture and thermal movements in 
brickwork are given in various Brick Development Asso- 
ciation (BDA) publications as well as in Appendix 3 and 
additional information on the behaviour of the particu- 
lar type of brick or block should be obtained from the 
manufacturer. 


Concrete brickwork and blockwork do not generally ‘grow’ 
with age but rather are more likely to shrink fairly rapidly. 
The total shrinkage may not, however, have taken place when 
the units are built into a post-tensioned wall and the shrink- 
age which may yet be to follow will constitute losses in the 
post-tensioning force. Values of anticipated total shrinkage 
of concrete units are given and discussed in Appendix 3. 


Creep for brickwork of (1.5 x the elastic deformation) is 
given in the Code, and this results in a higher percentage 
loss found in research and practice of 10-15%. In concrete 
blockwork the Code recommends (3.0 x elastic deforma- 
tion). Designers should exercise their judgement in using 
this value or perhaps 30% less. 


(b) Relaxation of post-tensioned steel 

The amount of relaxation or creep of steel depends on 
the quality of the steel, and also the stress level within the 
steel. Detailed information on this subject is available from 
specialist manufacturers of various proprietary bars. Figures 
for the maximum relaxation after 1000 hours duration are 
given in various British Standards, and these are based ona 
70% stress level. However, bars larger than those required 
for the designed loads are often provided in post-tensioned 
brickwork to allow for possible corrosion. It is thus less 
likely that bars will be stressed to their maximum stress 
levels. The losses due to relaxation may be assumed to 
decrease from about 8% at the 70% stress level down to 0% 
at the 50% stress level. An appropriate figure for the losses 
should be assessed from the above for any particular applic- 
ation, depending on the stress level within the bars. 
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(c) Elastic deformation of masonry 

The instantaneous elastic deformation of the masonry will, 
for all practical purposes, be taken up during the stressing 
of the bars and no compensating calculations are necessary 
for this in the assessment of losses in the post-tensioning 
force but would be necessary for the similar situation in 
pre-tensioning work. The amount of this elastic deforma- 
tion may be determined from an elastic method of ana- 
lysis with a modular ratio based on Young’s modulus for 
masonry given by the following assumption that: 


E,, for E,, and E,, =0.9 f, KN/mm? 
where E,,, = modulus of elasticity of masonry. 


E,,, has been found to vary on site from 0.7 to 1.1 f, kKN/ mm, 
and where it is essential for accurate design purposes to 
determine E,,,, then it is advisable to conduct a test on site. 


(d) Friction 

Frictional losses occur at the stressing stage and will be 
concerned mainly with tightening down of the bearing 
plates which transfer the stress from the bars into the 
masonry. It is recommended that a torque wrench be used 
when tightening down the nuts. The manufacturers of such 
wrenches are generally able to advise on the reduction for 
any friction losses, and it is usually unnecessary to make a 
specific allowance in the calculation of post-tensioning 
forces. It should be noted, however, that the information 
provided by the torque wrench manufacturer will relate to 
certain specific conditions prevailing when the torque is 
applied. Such conditions are likely to include the type of 
thread and the lubrication quality, i.e. lightly oiled, of the 
thread on both the rod and the nut, as well as the surface 
condition of the spreader plate against which the nut is 
turned. It is vital that these conditions are provided and, 
during the construction of the wall, adequate protection 
of the threads must be maintained to ensure this. Similar 
guidance may be obtained from practising hydraulic jack 
manufacturers. 


15.8.7 Bearing Stresses 


The post-tension force in the bars is applied to the masonry, 
generally, by means of steel plates bearing on the top of the 
wall. The compressive force, applied locally at these points, 
then disperses into the remainder of the element. The rela- 
tively high local bearing stresses should thus be checked to 
ensure that the loading is applied over a sufficiently large 
area to avoid local over-stressing. This may be calculated 
by the methods given in Chapter 10, which relate to BS 
5628, Part 1, clause 34, for the ultimate limit state. 


15.8.8 Deflection 


In general, post-tensioned masonry should comply with 
the slenderness ratio requirements for plain masonry, 
and this should limit deflections to acceptable values. 
Deflections may, however, need to be considered in more 
detail in the case of cantilevered walls, and also where 
the post-tensioning force is applied eccentrically. In such 
cases, an elastic analysis should be undertaken to deter- 
mine the deflection at working load to be compared with 


acceptable values based on particular requirements for 
each application. 


15.8.9 Partial Safety Factor on Post- 
tensioning Force 


The partial safety factor for loads, y, is applicable, to some 
degree, to the post-tensioning force. The values given in BS 
5628 for y, have been determined statistically for dead, 
superimposed and wind loadings. No research has been 
carried out to determine, statistically, the appropriate y, 
values for the post-tensioning operation and an assess- 
ment of the likely variable factors must be made by the 
designer in order to arrive at a reasonable combination of 
extreme values. In the absence of any other values it is pro- 
posed that the values already determined for dead load- 
ings should be used for application to post-tensioning force 
calculations. 


15.9 Example 5: High Cavity Wall with 
Wind Loading 


The 225 mm thick cavity wall shown in Figure 15.45 is to be 
constructed in two leaves of brickwork comprising bricks 
with a minimum compressive strength of 20 N/mm? and a 
water absorption of 9% set in a designation (ii) mortar. 
The partial safety factor for material will be taken as 2.0; the 
characteristic wind load will be taken as 0.9 kN/m/? and the 
characteristic wind uplift will be taken as 1.0 kN/ m2. There 
are no internal walls offering support to the external wall. 
The density of the masonry will be taken as 19.0 kN/ m° and 
the characteristic superimposed roof load will be taken as 
0.75 kN/m2. The plain cavity wall can be shown, by calcula- 
tion, using the design principles given in Chapter 11, to be 
unstable, hence, post-tensioning will be introduced to pro- 
vide the additional strength required. 


Stresses should be checked for the following conditions: 


(a) After losses (or gains) 
These may occur in the post-tensioning force due to the 
factors discussed in section 15.8.6: 


e flexural tensile stresses: with the wall subject to dead plus 
wind loading only (this condition also determines the 
magnitude of the post-tensioning force required). 

e flexural compressive and axial compressive stresses: with the 
wall subject to the various combinations of dead plus 
superimposed, dead plus wind, and dead plus super- 
imposed plus wind loadings. 


(b) Before losses 

e axial compressive stresses: with the wall subject to dead 
plus superimposed loads only. In this situation, where 
wind loading may be applied as both suction and 
pressure, the post-tensioning force will be applied con- 
centrically on the wall. It will be assumed that the post- 
tensioning force will not be applied until the masonry 
has achieved its characteristic strength. If the force should 
be applied before fourteen days, allowance must be 
made in the calculations for the strength available for a 
particular loading situation and in the assessment of any 
additional losses which may be expected as a result. 
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Figure 15.45 Typical section 


For each of the above loading situations, the dead loading 
should be considered as comprising both the dead load- 
ing of the wall and roof slab together with the applied post- 
tensioning force. 


The most economical design for the wall would utilise the 
roof slab as a prop to the head of the wall and the upper 
anchorage of the post-tensioning rod will be made through 
a spreader plate placed on top of the roof slab as shown in 
Figure 15.46. 


This detail would have the added advantage of ensuring 
that the post-tensioning force was shared equally between 
the two leaves of the wall and the stiffness of the slab 
may be assumed to place the force into each leaf with zero 
eccentricity. High-yield steel rods will be used for the post- 
tensioning. 


15.9.1 Capacity Reduction Factor, B 


The wall is, for the major part of its life, subject to axial load- 
ing (dead plus post-tensioning plus superimposed) only, 
and only intermittently is it subject also to the lateral wind 


screed 


12 mm mild steel rc slab 
bearing plate 
recessed into 


roof slab past 


tensioning 
rod 


Figure 15.46 Detail at top of wall Example 5 


102.5 leaf 


100 cavity 


150 rc slab 
3600 9 characteristic 
wind load 
} =0.9 kN/m? 


loadings which generally dictate the most onerous design 
cases. Hence, the effect of buckling under axial loading 
must be considered and is based on the capacity reduction 
factor, B, as derived from the slenderness ratio of the wall 
and the eccentricity of the loading. 


‘ effective height 
Slenderness ratio = - - 
effective thickness 
_ 0.75 x 3600 
2/3 (102.5 + 102.5) 
SR=19.9 


Eccentricity of load, e, = 0 to 0.05t as previously stated, 
although consideration should be given to the possibility of 
eccentricity of the dead and superimposed roof loads 
which may result from rotation of the slab at the bearing 
due to its deflection at mid-span. The net eccentricity for 
this example will be assumed to lie within 0 and 0.05t for 
each leaf. Hence, capacity reduction factor, B = 0.70 (from 
BS 5628, Part 1, Table 7 — see Table 5.15). 


For solid and cavity walls the capacity reduction is applica- 
ble only to the axial compressive stresses, whereas for geo- 
metric wall profiles, such as the fin or diaphragm wall, the 
capacity reduction factor is applicable to both axial com- 
pressive and flexural compressive stresses (as discussed in 
section 15.8.3) as was the case for the design of plain fin and 
diaphragm walls covered in Chapter 13. 


15.9.2 Characteristic Strengths 


Masonry 
Characteristic compressive strength, f, = 6.4 N/mm? 


Characteristic flexural compressive strength, f,, = 1.25 x 6.4 
=8.0N/mm 


Characteristic flexural tensile strength = limited to zero 


Reinforced and Post-tensioned Masonry 271 


Steel 


Characteristic tensile strength, f, = 460 N/ mn? 


15.9.3 Design Strengths (after Losses) 
15h, 


1. 
Design compressive strength (at base) = ——+ 


(1.15 narrow wall factor) 


=1.15~x J 
2.0 


= 3.68 N/mm? 


Design compressive strength (in wall height) 


_ 1.15Bf, 
Youn. 
24530 ace 
2.0 
1.15 
Design flexural compressive strength = AP hie 
=1.15x oo 
2.0 
=4.60 N/mm? 


Design flexural tensile strength = limited to zero 


15.9.4 Section Modulus of Wall 


For a cavity wall, tied with vertical twist type wall ties in 
accordance with BS 5628, the section modulus of the wall 
may be taken as the sum of the section moduli of the indi- 
vidual leaves. 


Hence 


7 — 2% 1000 x 102.5” 
6 


=3.47 x 10° mm? 


15.9.5 Design Method 


The design method adopted for this example is to calculate 
the theoretical flexural tensile stress which would be likely 
to develop as a result of the lateral loading and in the 
absence of any post-tensioning force. An axial compres- 
sive stress is then applied by way of the post-tensioning 
force and in addition to the existing axial stress from the 
minimum vertical loading, to eliminate the theoretical 
flexural tensile stress previously calculated. Checks are 
then carried out to establish that the wall specified can 
support the applied vertical and lateral loading as well as 
the post-tensioned force for the various design conditions 
prevailing. 


15.9.6 Calculation of Required Post- 
tensioning Force 


The wall will be considered to act as a propped cantilever in 
that the post-tensioning force will be calculated to ensure 
that the wall section at its base does not ‘crack’ (tensile 
stresses are limited to zero) and the bending moment dia- 
gram for the wall is as shown in Figure 15.47. 


00/0 
= @ 


9y,W,h? 
128 


1 Wyh? 


Figure 15.47 Bending moment diagram in wall under 
wind load Example 5 


For the loading condition dead plus wind only, the applic- 
able partial safety factors for dead and wind loads are 0.9 
and 1.4 respectively. Hence, the design bending moments 
are calculated as: 


2 
at base level, M, = waa 
2 
= 1.40.9 x 3.6 a9 hina 
8 
2 
at “sh level, M, = ed hk 
m 128 
2 
_ 9x14x0.9x3.6 =115kNm 
128 
Characteristic Dead Load, G,, 
roofslabs =0.15x24x2 = 7.20kN/m 
roof finishes = 5.00kN/m 
ow wall =2x0.102 x19 x 3.6 =13.95 kN/m 
=26.15kN/m 


At *h level, G, =7.2+5.0+ [395 x 3| 


=17.43kN/m 
Characteristic Wind Uplift 
4 
=1.0x 5 =2.0kN/m 


Net Design Dead Load 


(y, G,) — (yx wind uplift) = (0.9 x 26.15) — (1.4 x 2.0) 
=20.74kN/m 


The design dead load will be considered to be shared 
equally by the two leaves of the cavity wall hence, the axial 
compressive stress due to the design dead load: 


20.74 x 10° 


= —__ = 0.10 N/mm? 
84> 53402 x 1000 
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Theoretical flexural tensile stress (in the absence of the 
application of the post-tension force) equals: 


sa 


where 


M, = design bending moment per leaf 
Z = section modulus per leaf 
&q= axial compressive stress from dead-wind uplift. 


6 
Theoretical flexural tensile stress = 0.10 — aa 
3.47 x 10° x 0.5 
=-0.48 N/mm? 


Hence, a design post-tensioning stress of +0.48 N/mm/? 
should be provided to eliminate this theoretical flexural 
tensile stress and these processes are shown in Figure 15.48, 
in which all the stresses are shown in N/mm‘?. 


In order to achieve a minimum design post-tensioning 
stress of 0.48 N/mm/, a characteristic post-tensioning stress 
of 0.48/y, should be provided by the post-tensioning force 
in the rods, where y, would be taken as 0.9 as discussed in 
section 15.8.9. Hence, the characteristic post-tensioning 
stress = 0.48/0.9 = 0.53 N/mm”. 


The spacing of the post-tensioning rods, the force required 
per rod, the torque required to produce that force and 
the local bearing stresses will be considered later in this 
example. The next stage of the design process is to consider 
the effect of these compressive stresses on the wall section 
provided to ensure that stability is maintained. 


15.9.7 Consider Compressive Stresses: 
After Losses 


Owing to the variations in the factors for partial safety on 
loading, it is not immediately obvious which combination 


0.10 $. T..._] compressive stress due 


to minimum dead load 
ose | 


0.48 


+ 


bending stresses due 
to wind 


theoretical resultant 
stress block 


+ 
0.48 | | a compressive post-tensioning 
stress 


1% 


Figure 15.48 Stresses under loading conditions 
Example 5 


final stress distribution 
— all compression 


of loading (dead plus superimposed, dead plus wind, dead 
plus superimposed plus wind) may produce the most oner- 
ous design condition. The three loading cases stated above 
should therefore be considered individually taking account 
of the capacity reduction factor, B, where applicable. 


Case (a) Dead Plus Superimposed 
(yG,) + a) 


Design axial stress, f,..= 
area 


+ post-tensioning stress 


where 
G, = characteristic dead load = 26.15 kN/m 
Q,,=characteristic superimposed load 
Y; = partial safety factors for loads; for this loading com- 
bination y,= 1.4 and 1.6 for G, and Q, respectively. 


Hence 


f= DAXG))+(1.6xQ) 
vac 2x 102.5 x 1000 


+ post-tensioning stress 


_ (1.4.x 26.15) + (1.6 x 0.75 x 2) 
2 x 102.5 x 1000 


+ (y, x characteristic post-tensioning stress) 


=0.191 + (1.4 x 0.53) 
= 0.933 N/mm? 


in which the partial safety factor for loads of 1.4 has 
been applied to the characteristic post-tensioning stress of 
0.53 N/mm calculated earlier to give the design post- 
tensioning stress for this situation. 


L15Bf, 


Voom 


Design strength in span of wall = 
_ 1150.70 x 6.4 
7 2.0 
=2.58 N/mm? 


As the design strength of 2.58 N/ mm/2 exceeds the design 
axial stress of 0.933 N/mm‘, the wall is acceptable for this 
loading condition. 


Case (b) Dead Plus Wind 


Design axial stress, f,,,., at base level 


_ | design dead load — design wind uplift 
area 


+ post-tensioning stress 


: ee — (y, x wind uplift) 


| + (y, x 0.53) 
area 


_| 4 x 26.15) — (1.4 x 2.0) 
7 2 x 102.5 x 1000 


| + (1.4 x 0.53) 


= 0.166 + 0.742 
=0.908 N/mm? 
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Design axial stress, f.,,., at 3h level 


ac’ 
_| (4 x 17.43) - (1.4 x 2.0) 
2 x 102.5 x 1000 


+ (1.4 x 0.53) 


=0.106 + 0.742 
=0.848 N/mm? 


fuae ce 1.211 N/mm? 
B 0.70 


The lateral wind loading produces the design bending 
moments shown in Figure 15.47. Design flexural stress, f,, 
=+M_,/Z (compressive and tensile). 


IC 


Combined design stress = 


(i) at base level=f...+fiic 


(ii) at °/sh level= [a | + fube 


(i) At base level 


2.0 x 10° 
fibo=+ 


347 x10° =+0.6 N/mm? 


Combined design stress = 0.908 + 0.6 
=+1.508 N/mm? 
or +0.308 N/mm? 


(ii) At sh level 


1.15 x 10° 
hec= 


Fi x 


Combined design stress = = +£0.33 


=+1.541 N/mm? 
or +0.881 N/mm? 


The stress diagrams for this loading situation at the critical 
levels considered are shown in Figure 15.49 (all stresses are 
shown in N/mm). 
1.15 x 1.25 
Design strength of wall= bass eade 4 


Vou 


_ 1.15x1.25x64 
~ 2.0 


= 4.60 N/mm? 
The design strength exceeds the combined design stresses 
hence, the wall is acceptable for this loading condition. 
Case (c) Dead plus Superimposed plus Wind 


Design axial stress, f,,, at base level 


_| GG.) — (; x wind uplift) + (y,Q,) 
area 


+ post-tensioning stress 


_| 2 x 26.15) - (1.2 x 2.0) + (1.2 x 15) 
2 x 102.5 x 1000 


} (y, x 0.53) 


=0.151 + (1.2 x 0.53) 
=0.787 N/mm? 


+ 
4 oso 
| / 0.308 | p ii 
0.881 
3 


stresses ath 


stresses at base 8 


Figure 15.49 Stresses under dead plus wind load 
Example 5 


Design axial stress, f,,,., at sh level 


_ | (1.2 x 17.43) — (1.2 x 2.0) + (1.2 x 1.5) 
2 x 102.5 x 1000 


+ (1.2 x 0.53) 
= 0.099 + 0.636 
=0.735 N/mm? 
fags = OT =1.05 N/mm? 
WJ? 1.2x0.9x3.6 
Design M, at base level = ta ~ = 
=1.75kNm 
9y,Wh  9x1.2x0.9x 3.62 
Design M,, at 3/sh level = —L_*— = 
esign M,, at “/sh leve 128 128 
=0.98kN m 
(i) At base level 
1.75 x 10° 
fuve= +3 a7 x 108 =2:0:5 N/mm2 


Combined design stress = 0.787 + 0.5 
=+1.287 N/mm? 


or +0.287 N/mm? 
(ii) At sh level 
0.98 x 10° 
=+—___ = +0.282 N/mm? 
Fat 3.47 x 10° : 
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YY 


or Ol 


+ + 


ma [9 Fone 


= n = 
0.287 
van] Va ise] | JP 
3 


stresses at base stresses at >h 


8 
Figure 15.50 Stresses under dead plus superimposed 
plus wind Example 5 


0.735 


Combined design stress = +0.282 
0.70 


=+1.332 N/mm? 
or +0.768 N/mm? 


The stress diagrams for this loading situation at the critical 
levels considered are shown in Figure 15.50. 


The design strength of 4.60 N/mm‘? calculated earlier again 
exceeds the combined design stresses and the wall is 
acceptable for this loading condition. 


15.9.8 Consider Compressive Stresses: 
Before Losses 


Dead plus superimposed load only will be considered. 


Design axial stress, f,..= 


(.4G,) + Hehe 


area 


+ post-tensioning stress before losses 


The design post-tensioning stress will be increased by 20% 
in anticipation of that amount of loss, hence: 


f= (1.4 x 26.15) + (1.6 x 1.5) Ps 1.4 x 0.53 
mae 2 x 102.5 x 1000 0.8 


=0.191 +0.927 
=1.118 N/mm? 


1.20B(1.15f,; 
Design strength of wall before losses = PA 


mm 


where f,; is the characteristic compressive strength of the 
masonry at the age at which the post-tensioning is applied. 


In this example it will be assumed to have achieved its full 
characteristic strength, ie. f, (based upon the 28-day test). 
Hence 


1.20B(1.15f,; 
Design strength before losses = sae 


mm 


_ 1.20x0.70x 1.15 x 6.4 
2.0 


= 3.09 N/mm? 


The design strength before losses exceeds the design axial 
stress, hence the wall is acceptable for this loading condition. 


15.9.9 Design of Post-tensioning Rods 


The characteristic post-tensioning stress required, to be 
provided in the brickwork by the post-tensioning rods, is 
0.53 N/mm?. 


This is the equivalent of 0.53 x 2 x 102.5 x 1000 = 108 KN per 
m run of wall. To allow for 20% losses in the post-tensioning 
force, the initial equivalent load = 108/0.8 = 135 kN per m 
run. 


In order to limit relaxation of the steel and hence minimise 
the losses, the stress in the post-tensioning rods is limited to 


0.7fy 0.7 x 460 


~ = 280 N/mm? 
Yom 1.15 
3 
Steel area required per m= 135 10° 
280 


= 480 mm? per mrun 


High yield bars of 25 mm diameter placed at 900 mm cen- 
tres (which provide an area of 546 mm? per m) will be used. 


Torque to Provide Rod Tension 


Considerable variation exists in the recommendations, 
given by manufacturers and suppliers of torquing equip- 
ment, for the calculation of torque requirements. 


The amount of tension induced by a particular torque is 
dependent on numerous factors, the two most significant 
being the pitch and type of the thread and the coefficients of 
friction between the contact surfaces of nuts, bolts and 
spreader plates, etc. This latter aspect is largely dependent 
on the type and quality of the original finish to these com- 
ponents and the degree of lubrication and general pro- 
tection during the construction of the works prior to the 
post-tensioning. 


The calculation provided below is based on a general 
engineering formula derived from test research and utilises 
lightly oiled, metric threads with self-finish nuts and bolts 
and a hardened washer between the nut and the spreader 
plate. 


bolt tension x bolt diameter 


Torque required = 5 
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3 
Bolt tension (in kgf) = ae per m run of wall 
3 
eas per rod at 900 centres 
9.81 
= 12 385 kef per rod 
: 12 385 x 0.025 
Torque required = a 
=61.9 kefm 
Spreader Plate Design 
Maximum design force per rod = 135 x ¥; 
=135x1.4 
=189kN 
: 1 A 
Design compressive strength of wall = a 
=5.52 N/mm? 


in which a 1.5 strength increase factor has been incorpo- 
rated to take account of the local bearing condition of the 
spreader plate on the brickwork. 


189 x 10° 


A f spread required = 
rea of sp qui 550 
= 34 239 mm? 


34 239 
2x 102 


Length of spread along two leaves = 


=168 mm 


Allowing for a 45° dispersion of load from the spreader 
plate through the rc slab, as shown in Figure 15.51, a 
150 mm long x 100 mm wide x 12 mm thick spreader 
plate would be suitable. 


15.10 Example 6: Post-tensioned Fin Wall 


A warehouse measuring 27 m x 46 m on plan and 10 m 
high, as shown in Figure 15.52, is to be constructed in load- 
bearing brickwork using fin wall construction for its main 
vertical structure. The planning requirements are for the 


on 


Figure 15.52 Layout for Example 6 


spreader plate 


Figure 15.51 Spreader plate 


fins to be as small as possible, hence post-tensioning of the 
fins is proposed to provide for this requirement. The wall 
panels between fins will be of normal 255 mm (min) cavity 
construction and there are no internal walls within the 
building. The roof construction and detailing will be 
assumed to provide an adequate prop to the head of the 
wall and will similarly ensure stability of the structure by 
transferring this propping force to the gable shear walls. 
The type of brick to be used throughout will have a com- 
pressive strength of 30 N/ mm? and a water absorption of 
10%. The partial safety factor for materials may be assumed 
as 2.3. The fin profile to be used is reference ‘E’ from Table 
13.1 and the various dimensions and properties may be 
obtained from that table and Figure 15.52. 


15.10.1 Design Procedure 


The design procedure is similar to that used for the previ- 
ous example but consideration must be given to the fin 
profile being asymmetrical. The post-tensioning force was 
positioned concentrically in the previous example because 
the section is symmetrical and the wind loading (suction 
and pressure) in each direction could be assumed to be of a 
similar magnitude. For the asymmetrical fin wall profile, 
with similar wind loading, the stresses at the extreme edges 


327 mm 
[7 7 7 f/f YF 
[| f/f Z| 


890 mm 


a 


38m7, | 3.8m%, 
post-tensioned rod 
omitted for clarity 
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of the fin and flange would differ considerably owing to the 
two values of section modulus Z, and Z,. Hence, the post- 
tensioning force is applied eccentrically, in this situation, to 
make the maximum use of the eliminating compressive 
stress at each of the extreme edges. 


Figures 15.53 and 15.54 show the theoretical stresses which 
may occur in the wall, in the absence of the post-tensioning 
force, for wind suction and wind pressure loadings respec- 
tively. For each direction of wind loading, a theoretical 
flexural tensile stress may be calculated, for the extreme 
edges of either fin or flange and at either base level or at 
maximum span moment level, as applicable. 


Having established the maximum theoretical flexural ten- 
sile stress at each of the extreme edges, an eccentric post- 
tensioning force may be calculated to eliminate these 
stresses. The basic theory of this process is indicated in 
Figure 15.55 in which f,; and f,, are the maximum theoreti- 


cal flexural tensile stresses at the extreme edges of the fin 
and flange respectively. 


In Figure 15.55, 


P =design post-tensioning force 
A =area of effective fin section (from Table 13.41) 
e=eccentricity of P about neutral axis (NA) 
Z,=minimum section modulus (from Table 13.41) 
Z, =maximum section modulus (from Table 13.41). 


The design should then proceed to check that the compres- 
sive (combined axial and flexural) stresses which result are 
acceptable in the same manner as for the previous example. 


15.10.2 Design Post-tensioning Force and 
Eccentricity 


Figure 15.55 represents the design post-tensioning force 
as P and its eccentricity, about the neutral axis (NA) of the 


“LT Cs axial compression ae i 
C due to nett dead 
load Cc 
+ 
t T 
Cc bending stresses 
Cc 

<= _ 
wind = 


suction 


(1) wind suction 


Figure 15.53 Theoretical stresses under wind suction 


wind ———_> 
pressure 


Z, 


(2) wind pressure 


Figure 15.54 Theoretical stresses under positive wind load 


c combined stresses 


(a) stresses in span 


(a) stresses in span 


a 
7 


b) stresses at base 


self-weight 


bending T 


vA combined ul 


b) stresses at base 
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Te 


Figure 15.55 Application of eccentric post-tensioning 
force 


section, as e. The stresses at each of the extreme edges may 
be expressed as: 


P Pe 
=—+— 15.6 
fa aes (15.6) 
and 
P Pe 
=— -— 15.7 
fe a. 2 (15.7) 


A pair of simultaneous equations may be written from 
equations (15.6) and (15.7) to solve for P and e as follows: 


Multiply (15.6) throughout by Z, and (15.7) throughout by 
Z, giving: 


PZ. 
faZ,= ae + Pe (15.8) 
fioZo= ms —Pe (15.9) 
adding (15.8) to (15.9) gives: 
P 
(fZ1) + foZ) = ra +Zy) 
Hence 
P= [(faZ) a (figZ IA (15.10) 
Z,+Zy 


The value of P calculated in equation (15.10) can now be 
substituted into equation (15.7) to calculate the value of e. 


Equation (15.7) transposed gives: 


.-(2 ta\2 -(3 lay, 


(15.11) 


15.10.3 Characteristic Strengths 

For the materials given in Example 15.6, the following 
properties may be obtained from BS 5628. 

Masonry 

Characteristic compressive strength, f, = 7.6 N/mm? 


Characteristic flexural tensile strength (failure plane paral- 
lel to bed joints) = 0.4 N/mm? 


Characteristic flexural tensile strength (failure plane per- 
pendicular to bed joints) = 1.1 N/mm? 


Characteristic flexural compressive strength, 1.25f, = 9.5 
N/mm? 
Steel 


Characteristic tensile strength, f, = 460 N/ mm? 


15.10.4 Loadings 


The following data will be assumed to have been provided 
for the calculation of the design loadings: 


(a) Wind loads 


Dynamic wind pressure, q =0.74kN/m? 
Characteristic wind loads: 
suction on leeward face,W,,  =0.56 KN/m? 


pressure on windward face, W,, =0.81 KN/m? 
gross wind uplift on roof, W,, =0.39 KN/m? 


(b) Dead and superimposed loads 


Characteristic superimposed load, Q, = 0.75 KN/m? 
Characteristic dead load, G, =0.60 kN/m? 


The wall panel is assumed to have been checked as being 
adequate to span horizontally between fins spaced at 3.80 
m centres. 


For the loading combination, dead plus wind, the partial 
safety factors for loads may be taken as 0.9 and 1.4 or 1.4 
and 1.4 for dead and wind loads respectively. 


Design wind loads per fin 
Case (1) suction 


Design wind load =3.8 x 1.4 x 0.56 
=2.98 kN/m height of fin wall 


Case (2) pressure 


Design wind load =3.8 x 1.40.81 
=4.31 kN/m height of fin wall 


Case (3) uplift 


Design wind load = 1.4 x 0.39 
=0.55 kN/m? 


Dead load — roof uplift = (0.9 x 0.6) — (1.4 x 0.39) 
=0.54-—0.55 
= zero (say) 


Hence, only the own weight of the masonry can be con- 
sidered in providing resistance to the flexural tensile stresses. 
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prop 
= n= 3.75 m 
OyiWh® Fh =40m 
7.50 m 128 
‘ point of 
___contraflexure 
ae 
8 


Figure 15.56 Bending moment diagram 


15.10.5 Design Bending Moments 


The wall will be designed, taking advantage of the prop 
provided by the roof plate, as a propped cantilever. Unlike 
the plain fin wall, there should not normally be any require- 
ment to adjust the bending moment diagram from the 
propped cantilever proportions as the post-tensioning force 
can be made sufficiently large to avoid this. The design 
bending moment diagram is as shown in Figure 15.56. 
Hence, the design bending moments are: 


Case (1) suction 


9 x 2.98 x 102 


(a) At°/sh level, M, = 18 =21kNm 
(b) At base level, M, = 2.9810" =37.3kNm 
Case (2) pressure 

(a) At*/sh level,M, = PAST =30.3kN m 
(b) At base level, M, = 431 x10? =53.9kN m 


15.10.6 Theoretical Flexural Tensile Stresses 
Case (2) suction 
(a) At*/sh level: 


Axial compressive stress due to ow 


_0.9%19X3.75 _ 0 yea sem? 
1000 
: M 
Theoretical flexural stresses, rae 
1 
6 
ug AI > ay Saar aie 
0.061 x 10? 


Theoretical flexural tensile stress = —0.280 N/mm? 


(b) At base level: 
Axial compressive stress due to ow 


_ 0.9x19x10 


=+0.171 N/mm? 
1000 
Theoretical flexural stresses, + a 
2 
6 
eoee -2Ap sina 
0.12 x 10? 


Theoretical flexural tensile stress = —0.139 N/mm? 


Case (3) pressure 
(a) At°/sh level: 


Axial compressive stress due to ow 


=ascase(1) =+0.064 N/mm? 
. M 
Theoretical flexural stresses, +—“ 
2 
6 
ag eNO ae 
0.12 x 10? 


Theoretical flexural tensile stress = —0.189 N/mm? 
(b) At base level: 


Axial compressive stress due to ow 
=ascase(1) =+0.171 N/mm? 


Theoretical flexural stresses, gut 
1 
_ , 53.9x 10° 


=+———__ = +0884 N/mm? 
0.061 x 10° 


Theoretical flexural tensile stress = —0.713 N/mm/2 


By inspection of these theoretical flexural tensile stresses, 
cases (2b) and (2a) give the most onerous values of f,, and 
fig respectively for the calculation of the required post- 
tensioning force and its eccentricity, i.e. 


fq = 0.713 N/mm? 
and fig = 0.189 N/mm? 
15.10.7 Calculations of Pande 
From section 15.10.2, equation (15.10), 


[frZ1) + foZ)1A 
Z,+Zy 


P= 


From section 15.10.2, equation (15.11) 


where 


fy = 0.713 N/mm? 

fy =0.189 N/mm? 

A =0.46 x 10° mm? (from Table 13.1) 
Z, =0.061 x 10° mm° (from Table 13.1) 
Z, = 0.12 x 10? mm (from Table 13.1). 
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1971 1829 


822 327 


a 


3800 
l) 


Figure 15.57 Effective fin section Example 6 


Hence 


P=168kN and e=124mm 


15.10.8 Spread of Post-tensioning Force 


The area, A, used in the above equations for the calculations 
of P and e is the effective area of the effective fin section, 
which is based on a flange width of 1971 mm. The spacing 
of the fins for this example is 3800 mm leaving a central 
length of wall, 1829 mm long, which was not taken into 
account in calculating P and e. The effective fin section is 
shown in Figure 15.57. 


It may be argued that the effect of the post-tensioning force 
will spread into this central, 1829 mm long, area and there- 
fore account of it should be included in the calculation of P 
and e. However, whatever effect P may have on this central 
area should be compensated for by a larger effective section 
giving higher section moduli, Z, and Z,. In the absence 
of any research work to investigate this phenomenon it is 
considered that a reasonable and safe solution would be 
provided by considering the post-tensioning force to be 
effective over the area of the effective section only. 


15.10.9 Characteristic Post-tensioning 
Force. P,, 


In order to achieve a minimum design post-tensioning 
force of 168 KN, a characteristic post-tensioning force of 
168/y, should be provided in the rods, where y,; would be 
taken as 0.9 as discussed in section 15.8.9. 


Hence, characteristic post-tensioning force, P,, = 168/0.9 = 
187 kN. 


This force is now used to check the design compressive 
stresses in the wall and to establish the size of the post- 
tensioning rods. 


15.10.10 Capacity Reduction Factors, B 


At the base of the wall it will be assumed that a raft founda- 
tion has been provided which is able to provide full buck- 
ling restraint to both the fin and the flange depending upon 
the particular direction of wind loading. It may be noted 
that a more robust raft foundation may be necessary for the 
post-tensioned fin wall than for the same section of plain fin 
wall. 


effective fin 
section 


In Wall Span 


The calculation of the relevant capacity reduction factors 
follows the same design basis as was used for the plain fin 
wall design example given in Chapter 13. 


Case (1) suction 
(maximum combined compressive stress in flange:) 


Siatideniesaiatie, SR= 2 x outstanding length of flange 


effective cavity wall thickness 


_ 2x 822 
~ 2/3(2 x 102.5) 


=12 


The eccentricity of the compressive stress in the flange of 
the fin wall may be taken to be 0 to 0.05t, hence B = 0.93. 


Case (2) pressure 
(maximum combined compressive stress at end of fin:) 
Slenderness ratio, SR 


_ distance between points of contraflexure 


actual thickness of fin 


_ 7500 
327 
=23 


The eccentricity of this compressive stress may again be 
taken as 0 to 0.05t, hence, B = 0.58. 


15.10.11 Check Combined Compressive 
Stresses 


The critical loading condition will be either case (a) dead 
plus wind (where the partial factors of safety for loads are 
1.4G, and 1.4W,) or case (b) dead plus superimposed plus 
wind (where the partial safety factors for loads are 1.2G,, 
1.2Q, and 1.2W,). 


Characteristic Vertical Loads in Fin 


Case (a) dead plus wind 


Roof wind uplift cancels out roof dead load hence, only 
own weight of brickwork applicable for this loading case. 
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G,, at °/sh level = 9.19 x 3.75 = 34.46 kN Case (2) pressure: 


G,, at base level = 9.19 x 10.0= 91.90 kN M..,at3/sh level = 30.30 x 12 =25.97kNm 
™ “14 


Case (b) dead plus superimposed plus wind 
1.2 
M,, at base level = 53.86 x ni = 46.16 kN m 


a7 
Q, =0.75x3.8x 5 =38.48 KN 


Combined Compressive Stresses for Case (1) Suction 
G,, at °/sh level =as case (a) =34.46 kN 
Case (a) dead plus wind loading — at base level 


G,, at base level =as case (a)= 91.90 kN 


’ ' : G 
Design axial stress due to own weight, G, = 4 tix 


Characteristic Wind Loads per Fin 


_ 14x91.9x 103 
Case (1) suction =3.8 0.56 = 2.128 kN/m of height "9 46 x 108 


Case (2) pressure = 3.8 x 0.81 = 3.078 kN/m of height 


=+0.280 N/mm? 


: . . P. 
Design axial stress due to post-tension force, P, = tt 


Design Bending Moments 


_ 14x 187 x 10° 


Case (a) dead plus wind (1.4W,) 
0.46 x 10° 


=+0.598 N/mm? 


Case (1) suction: . a 
Design flexural stresses due to post-tensioning force, 


Oy,W, Lr? 
3 = ere 
M,,, at °/sh level = 138 pak Y;Pye 
ge - 
Z, 
_ 9x 1.4 2.128 x 102 1.4% 187x103 124 
128 ape ee eS aa Ni ane 
0.061 x 10? 
=20.95kN m P 
9y, Wd? " Ne 
M,, at base level = eee 7 
= 1.4187 x 10° x 124 = _0.270 N/mm? 
_ 1.4% 2.128 x10? 0.12 x 10° . 
= 5 oi 
Design flexural stresses due to applied moment = +—b 
=37.24kN m Zz 
Case (2) pressure: = - se =+0.610 N/mm? 
; 0.061 x 10? 
M,,, at °/h level = our 
My 
or = 
Z, 
_ 9x14 3.078 x 10? 
128 __ 37.24x10° =-0.310 N/mm2 
0.12 x 10? 
=30.30 kN m 
Hence: 
yW Ie 


M,, at base level = Maximum combined compressive stress = +2.02 N/mm? 


Minimum combined compressive stress = +0.298 N/ mm? 
_ 143.078 x 10? 


3 Case (b) dead plus superimposed plus wind loading — at base 


level 
=53.86 kN m 
Design axial stress due to G, and Q, = 4 UGet We 
Case (b) dead plus superimposed plus wind (1.2W,) a 
1.2 91.9) + (1.2 x 38.48 
Case (1) suction: 2i5 wales - +0.341 N/mm? 


0.46 x 10° 


: : ae P 
Design axial stress due to post-tensioning force, P,, = +t 


M,,, at °/sh level = 20.95 x ia =17.95kNm 
1.4 A 


12 3 
M,, at base level = 37.24 x = =31.9.1kN m apr aes =+0.488 N/mm? 
14 0.46 x 10° 
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Design flexural stresses due to post-tensioning force, 


PSs yPye 
Z 


3 
ag MOMIST ATOR sspears 
0.061 x 10° 


ge 
Z, 


1.2 x 187 x 10° x 124 
0.12 x 10° 


=-0.232 N/mm? 


, . M 
Design flexural stresses due to applied moment = a 
al 


31.91 x 10° 


; x 


__ My 


__ 31.91 x 10° 


=-0.266 N/mm? 
0.12 x 10° 


Hence: 


Maximum combined compressive stress = +1.808 N/ mm? 


Minimum combined compressive stress = +0.331 N/mm? 
Case (a) dead load plus wind loading at */sh level 


; 3 : G 
Design axial stress due to own weight, G, = +t 


_ 1434.46 x 10° 


=+0.105 N/mm? 
0.46 x 10° 
; . : YP x 
Design axial stress due to post-tension force, P, = ane a 
3 
1.4 x 187 x 10 ~ 40,598 N/mm? 


0.46 x 10° 


Design flexural stresses due to post-tension force, 
Pye 
P= jie 
Z 


1.4 x 187 x 10° x 124 


MEPS =+0.532 N/mm? 
.061 x 


=e YP 
Z, 


or 


1.4 x 187 x 10° x 124 


oi? =-0.270 N/mm? 
12x 


‘WwW. 


Design flexural stresses due to applied moment = — 
1 


_ 20.95 x 10° 


=~ 2085 x10" =—0.343 N/mm2 
M,, 
or ie ah 
Z5 
6 
_ 2 =+0.175 N/mm2 
7 x 


Hence: 


Maximum combined compressive stress = +0.892 N/ mm? 
Minimum combined compressive stress = +0.608 N/mm7? 


Case (b) dead plus superimposed plus wind loading at */sh level 


Design axial stress due to G, and Q, = + 
_ 1.23446) + (1238-48) _ 4 199 N/mm? 


0.46 x 108 


‘ F . P 
Design axial stress due to post-tension force P,, = +t 


3 
ae = +0.488 N/mm? 
. x 


Design flexural stresses due to post-tension force, 


P= Whe 
Z, 


1.2 x 187 x 103 x 124 
0.061 x 10° 


=+0.456 N/mm? 


_ YP ec 
Z, 


or = 


1.2 x 187 x 10° x 124 
0.12 x 10° 


=-0.232 N/mm? 


; : M 
Design flexural stresses due to applied moment = a 
1 


__ 17.95 x 10° 


VSI" =—0.294 N/mm2 
My 
or =. 
Zy 
6 
_ eer =+0.150 N/mm? 
a x 


Hence: 

Maximum combined compressive stress = +0.840 N/mm? 
Minimum combined compressive stress = +0.596 N/mm? 
Combined Compressive Stresses for Case (2) Pressure 
Case (a) dead plus wind loading — at base level 


Design axial stress due to own weight, 
G, =as case (1) = +0.280 N/mm? 


Design axial stress due to post-tension force, 
P,, =as case (1) =+0.598 N/mm? 


Design flexural stresses due to post-tension force, 
P,, =as case (1) =+0.532 N/mm? 
or =as case (1) =-0.270 N/mm? 


= 


Design flexural stresses due to applied moment = -—2 


IN 
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_ 53.86 x 10° 


D061 x10" =-0.883 N /mm? 


pe 
Z, 


or =4 


53.86 x 10° 
0.12 x 10° 


=+0.449 N/mm? 
Hence: 


Maximum combined compressive stress = +1.057 N/ mm? 
Minimum combined compressive stress = +0.527 N/ mm? 


Case (b) dead plus superimposed plus wind loading — at base level 


Design axial stress due to G, and 
Q, =as case (1) = +0.341 N/mm? 


Design axial stress due to post-tension force, 
P,, =as case (1) = +0.488 N/mm? 


Design flexural stresses due to post-tensioning force, 
P,, =as case (1) = +0.456 N/mm? 


or =as case (1) =—0.232 N/mm? 
. . M, 
Design flexural stresses due to applied moment =-—2 
1 
6 
2. IO 2 oye Niaae 
0.061 x 10? 
e 2eily 
Z, 
46.16 x 10° 
24, ON ONIN 40 S85 Nain! 
0.12 x 10? 
Hence: 


Maximum combined compressive stress = +0.982 N/ mm? 
Minimum combined compressive stress = +0.528 N/ mm? 


Case (a) dead load wind loading at °/sh level 


Design axial stress due to own weight 
G, =as case (1) = +0.105 N/mm? 


Design axial stress due to post-tension force, 
P,, =as case (1) = +0.598 N/mm? 


Design flexural stresses due to post-tensioning force, 
P,, =as case (1) = +0.532 N/mm? 
or =as case (1) =—0.270 N/mm? 


; . M 
Design flexural stresses due to applied moment = +—* 
1 


30.30 x 10° 


=4+———_ = 40.497 N/mm? 
0.061 x 10? 
M, 
or = 
Zy 
6 
_ 30.3010" _ 9053 N/mm2 
0.12 x 10? 
Hence: 


Maximum combined compressive stress = +1.732 N/ mm? 
Minimum combined compressive stress = + 0.180 N/ mm? 


Case (b) dead plus superimposed plus wind loading at 3/sh level 


Design axial stress due to G, and 
Q.=ascase(1) =+0.190 N/mm? 


Design axial stress due to post-tension force, 
P,,=ascase(1) =+0.488 N/mm? 


Design flexural stresses due to post-tensioning force, 
P,=ascase(1) =+0.456 N/mm? 
or =ascase(1) =-0.232N/mm? 


M. 
Design flexural stresses due to applied moment = + 
1 


25.97 x 10° 


=4+————_ = 40.426 N/mm? 
0.061 x 10° 
or oe 
= Z, 
6 
__ 29-97 10" __ 016 N/mm? 
0.12 x 10° 
Hence: 


Maximum combined compressive stress = +1.560 N/ mm? 
Minimum combined compressive stress = +0.230 N/ mm? 


The two most critical design cases, for wind suction and 
wind pressure are shown in Figure 15.58 to demonstrate 
the method of stress calculations on the preceding pages. It 
would be more obvious to the experienced designer that a 
number of the preceding design cases did not require calcu- 
lation to arrive at the two critical conditions stated. 


15.10.12 Design Flexural Compressive 
Strengths of Wall: After Losses 


At base level, where B = 1.0 by inspection, 


Design flexural compressive strength = 220i 
1.25x7.6 ~ 
2.3 
=4.13 N/mm? 
At °fh level, where B = 0.58 by calculation, 
Design flexural compressive strength = 1258. 
_ 1.25x0.58 x 7.6 
7 2.3 
=2.40 N/mm? 


Comparison of the design flexural compressive strengths 
with the previously calculated combined compressive 
stresses shows that the wall is acceptable for all loading 
cases considered this far. 


15.10.13 Check Overall Stability of Wall 


The wall will be checked for overall stability, both before 
and after losses in the post-tensioning force, for the load- 
ing combination of dead plus superimposed plus post- 
tensioning force. 
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(1) wind pressure at ah level 


axial stresses due 


(2) wind suction at base level 


to dead load 
C 0 dead loa 
+ oo + 
40.328 stress distribution 40.328 
41.130 due to post- 41.130 
tensioning 
+ + 
TA -0.253 bending TA-0.310 
+0.497 +0.610 
Cc Cc 
+0.180 combined stress +0.298 
distribution 
+1.732 +2.020 


[all stress values are in N/mm?] 


Figure 15.58 Critical design cases for wind suction and wind pressure Example 6 


Consideration has already been given to local stability of 
the fin and flange in the design of flexural compressive 
strengths. In this design check consideration is given to 
buckling of the section as a whole. 


As was discussed in Chapter 13, in the design of the plain 
fin wall, it is questionable whether the narrow flange of the 
T profile is able to offer full resistance to buckling about the 
axis perpendicular to the flange. The robustness of the fin 
section in comparison to the relatively flimsy flange section 
suggests that local instability of the flange would occur 
before it was able to develop its full apparent stiffness 
about that axis. Hence, it is proposed that the actual thick- 
ness of the fin, 327 mm for this example, should be used to 
give a safe design, pending research into the buckling prop- 
erties of such composite sections. 


The effective height of the wall may be taken as 0.85h on 
the basis of full lateral restraint being provided at base 
level, partial lateral restraint at roof level and additional 
unquantified restraint from the contribution of the flange. 
The combination of 0.85h for the effective height and the 
fin thickness for the effective thickness about that axis is 
considered to provide a safe design basis and one which 
it would be expected to improve upon following a pro- 
gramme of suitable research work. 


0.85 x 10.0 x 10° 


Slenderness ratio, SR = 
327 


=26 


The eccentricity of the loading about this axis may be taken 
as zero. 


Hence, from BS 5628, Table 7 (see Table 5.15), B = 0.45. 
Design strength of wall, after losses: 


_ Bh _ 0.45% 7.6 


=1.49N/mm?2 
23 


Youn 


Design strength of wall, before losses: 


_ 1.2Bf, _ 1.20.45 x 7.6 


=1.79 N/mm? 
23 


Youn 


where f,; =f,, for this example. 
Design stress in wall, after losses: 


_ 14G,+1.6Q, + 1.4P, 
A 


_ (1.4.x 122.68) + (1.6 x 38.48) + (1.4 x 187) 
0.46 x 108 


= 1.076 N/mm? 


where 


G,=ow masonry = 91.90kN 
27 
plus, roof dead load = 0.6 x 3.8 x a = 30.78kN 


= 122.68 kN 


The design strength after losses exceeds the design stress, 
hence, the wall is acceptable for this loading condition. 
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Design stress in wall, before losses: 


_ 1.4G,+1.6Q, + (.4P,,/0.8) 
A 


(1.4.x 122.68) + (1.6 x 38.48) + (1.4.x 187/0.8) 
0.46 x 10° 


= 1.22 N/mm? 


where P, is made initially 20% greater than the design 
value of 187 kN in anticipation of 20% losses. 


The design strength before losses exceeds the design stress, 
hence, the wall is acceptable for this loading condition. 


The stiffness of the fin about the other axis is considerably 
greater although the effect of the post-tensioning force is 
eccentric. 


The net eccentricity of G,, Q, and P,, may be calculated by 
taking moments of these loads and forces about the flange 
face 


(122.68 x 301) + (38.48 x 301) + (187 x 425) 
122.68 + 38.48 + 187 


_ 127.99x 10° 
"348.16 


=368 mm from flange face 


hence, net eccentricity of G,, Q, and P,, about neutral axis of 
section: 


e= 301 —368 = 67 mm 
Expressed in terms of the length of the fin the eccentricity 
e=0.075 x 890 


This small net eccentricity related to the considerable stiff- 
ness of the fin about this axis, compared with the design 
strengths calculated for the previous axis of buckling, indi- 
cates that the section will not be critical, from the point of 
view of overall stability, about this axis. 


15.10.14 Design of Post-tensioning Rods 


As for Example 5 the design stress in the yield rods will be 
limited to 
0.7f, 0.7 x 460 
— = —____ = 280 N/mm? 
Ys 115 


The post-tensioning force required before losses: 


= a7 = 233.75 kN 
8 
3 
Steel area required = a = 835 mm? 


This will be provided by two high-yield rods each of 25 mm 
diameter positioned as shown in Figure 15.59 to give an 
equivalent eccentricity of 124 mm. 


The design of the torque required for the rods and the 
spreader plate should follow similar principles to those 
given for Example 5. 


| 327 | 2 high-yield post- 

}<——_>| tensioning rods 
each 25 mm 
diameter 


Figure 15.59 Details of position of post-tensioning 
rods Example 6 


15.11 Example 7: Post-tensioned Brick 
Diaphragm Retaining Wall 


The retaining wall design in Example 3 (see section 15.6) 
as a reinforced brick wall will now be designed as a post- 
tensioned diaphragm wall. The wall is 2 m high and is to be 
constructed with facing bricks with a crushing strength of 
27.5 N/mm and a water absorption of 8% set in a designa- 
tion (i) mortar. A density of 19 kN/ m?° will be assumed. The 
same surcharge loading will be included. 


For this retaining wall, bending from the retained earth 
occurs in one direction only and therefore an eccentric post- 
tensioning force will be applied to counteract this bending. 
A section through the wall is shown in Figure 15.60. 


15.11.1 Design Procedure 


The design procedure is broadly similar to that used for the 
design of the post-tensioned fin wall in Example 6. The 
stress diagrams representing the design process are shown 
in Figure 15.61. 


The design equations for the required post-tensioning force 
and its eccentricity may then be derived as follows: 


A ra =f, 
P Pe 
Ange =-f, 
A Z, 


post-tensioning rods may 
be used also as rc base 
reinforcement 


retained 


earth 
2000 


just 


Figure 15.60 Post-tensioning rods as reinforcement in 
foundation Example 6 
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applied 
moment 


foN 


stress distribution at base 


due to applied load 


Ld tt 


self-weight 


stress due 
to bending 


An 
IE fe Te 


combined 

f, theoretical 

t 
resultant stress 
diagram (no post- 
tensioning) 


Figure 15.61 Stress diagrams for Example 7 


but Z, = Z, for a diaphragm wall, hence: 


PZ 
ri +Pe =f,Z 
PZ 
A —Pe= —f.Z 
Adding 
2PZ 
== (f,-f0Z 
Rearranging 


A 
P=(f fd 


This is the minimum value of P necessary to produce the 
required post-tensioning stress. The corresponding value 
of its eccentricity, e, may now be calculated by substituting 
P into one of the original equations thus: 


ere ee, 

Ay 7% 
Pe P 
ZA 

1 


This equation provides the eccentricity corresponding to the 
minimum value of P already calculated. The eccentricity 


fe 


due to post-tensioning 
direct compression 
C f due to post- 


tensioning 


>|v 


flexural stresses due 
to post-tensioning 


required combined 
stress distribution due 
to post-tensioning 


may be found to be larger than can be accommodated within 
the trial section selected. In such a case, the maximum value 
of e which can be accommodated should be inserted into 
the latter equation and a revised value of P obtained. 
This revised value of P will be larger than that originally 
calculated. 


When the required post-tensioning force and its eccentri- 
city have been calculated, the maximum combined stresses 
(axial plus flexural) should be checked. The section must 
also be checked to ensure that no flexural tensile stresses 
are developed before losses of the post-tensioning force 
and also the overall stability of the wall when subject to the 
post-tensioning force alone. 


Finally, the moments and stresses in the rc foundation 
should be considered. However, this aspect of the design is 
outside the scope of this book. 


15.11.2 Design Loads 


The retained material will be assumed to comprise fine dry 
sand with an angle of internal friction of 30° and a density 
of 17 kN/m*?. Adequate land drainage will be assumed to 
have been provided to ensure no build-up of water pres- 
sure. A surcharge above the retained sand, equivalent to 
1.0 m depth of retained material, will also be applied. Hence, 
from Rankine’s formula: 


earth pressure at any level =k, x density x height 


1-sin@ 
+sin0 


where k, = =0.33 
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oy 
2000 
h 
2 A 
3 
6.72 12.12 
kN/m? kN/m? 


pressure diagram 


Figure 15.62 Pressure diagram Example 7 


Pressure at top of wall = 0.33 x 17 x 1.0 
=5.6 kN/m? 


Pressure at base of wall = 0.33 x 17 x 2.8 
=15.7kN/m? 


19x2 
10° 


Own weight of masonry = 


= 0.038 N/mm? at base level 


The partial safety factors for dead and retained loads are 
each 1.4 and 1.2 respectively, when checking combined 
compressive stresses, and 0.9 and 1.2 respectively when 
checking for the theoretical flexural tensile stresses. 


Design superimposed loads: 


attopofwall =1.2x5.6 =6.72kN/m* 
at bottom of wall = 1.2 x 15.7 = 18.84 kN/m2 


The design loading diagram is shown in Figure 15.62. 


Hence, design bending moment at base level, maximum 


-[s7 x2 «2}s{iam «22 sa unm 


6.72 kN/m? 


2.0m 


Figure 15.63 Earth pressure diagram 


14.47 kN/m? 


Minimum design dead load stress at base level 
f.=0.9 x 0.038 = 0.0342 N/mm? 


Design shear force at base level, maximum 


= (6.72 x 2) + fii x 2) = 25.56 kN/m 


715.11.3 Trial Section 


There are three dimensional variables which require con- 
sideration in order to arrive at a trial section for fuller ana- 
lysis, these being: 


(a) the overall depth of the wall, D, 

(b) the thickness of the wall flanges, T, and spacing of the 
cross-ribs, B,, 

(c) the thickness of the cross-ribs, t,. 


(a) Overall depth, D 


There is limited guidance which can be given for a reason- 
able assessment of the overall depth. Experience and famil- 
iarity with the design processes will indicate to the designer 
the benefits of a deeper wall section which is required to be 
balanced against space requirements, quantity of walling 
materials and the effect on the size of the post-tensioning 
rods and magnitude of the post-tensioning force. Greater 
depth of section will also assist in resisting shear forces 
which can be critical and are considered in the third of the 
three dimensional variables. For this example, the overall 
depth, D, will be taken as 558 mm. 


(b) Flange Thickness, T and Cross-rib Spacing, B, 


The wall flange, on the earth face, is required to support the 
earth and transfer its pressure to the cross-ribs by spanning 
horizontally between the cross-ribs. It is considered un- 
reasonable that the maximum pressure, at the base of the 
wall, should be taken as the load to be supported on the 
horizontal span and there is likely to be considerable resist- 
ance provided by the foundation, and the flange will tend 
to cantilever for a certain height rather than span horizon- 
tally. Figure 15.63 shows the design pressure diagram with 
the loading, assessed by the authors, as being that appro- 
priate to the horizontal span of the flange. 


1.0 m height of flange designed 
to span horizontally supporting 
an average design pressure of 
14.47 kN/m? 


1.0m 


18.84 kN/m? 
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design load 


loading diagram 


design BM 


bending moment diagram 


Figure 15.64 Bending moment diagram for flange Example 7 


The bending moment diagram for the design of the flange 
is shown in Figure 15.64 in which the design bending 
moment intensity has been estimated as y,Q,B?/15 and 
occurs, as shown, at the intersection of the flange with the 
face of the cross-rib. 


¥Q.BF 
12 


Maximum M = 


2 
Design M= a (estimated) 


47B? 
= SEAS =9:965B? 


fZ _ 1.51.0 x 0.1022 x 103 


Design MR= 
2.56 


m 


=1.04kN m 
Design MR = design M, therefore 1.04 = 0.965B2, hence 


i= 1.04 
0.965 
= 1.04 m= maximum span of flange 


but the horizontal shear resistance is generally the most 
significant factor in assessing the size and centres of the 
cross-ribs in a retaining wall design. 


Hence, to suit an acceptable bonding arrangement the 
cross-ribs will be spaced, for trial purposes, at 675 mm cen- 
tres which is obviously within the capacity of the span of 
the flange as designed above. 


(c) Cross-rib Thickness, t, 


This may be assessed from a consideration of the horizontal 
shear force from the retained material, which has been cal- 
culated previously as 25.56 kN/m at base level. 


Shear force per cross-rib, V = 25.56 x 0.675 = 17.25 kN. 


The maximum horizontal shear stress occurs on the cen- 
troid of the overall section and may be derived from the 
formula: 


_ VAY 
7 Taal 


vl, 


where 


v, = horizontal shear stress 
V = applied horizontal shear force 
A, = half the cross-sectional area (as shown hatched in 
Figure 15.65) 
y = distance from neutral axis to centroid of area A, (see 
Figure 15.65) 
I,q = second moment of area about neutral axis 
t. = thickness of cross-ribs. 


For this example: 


V = 17.25 kN per cross-rib 
A, = 0.107 m2 
7 =0.178m 
Tq = 8.07 x 10-3 m* 
t. = 0.215 m (assessed for trial purposes). 


Hence 


_ 17.25 x 0.107 x 0.178 


0, = ————_—_—_ kN/m?2 
8.07 x 107° x 0.215 


=0.189 N/mm? 


Shear resistance = f,/Y,,,, where f, = 0.35 + 0.69, (for this 
example BS 5628, Part 2). The unknown factor in this equa- 
tion, at this stage of the design process, is the value of g,, 
which is the summation of the own weight of the masonry 
plus the post-tensioning force. However, a minimum post- 
tensioning force required to provided the horizontal shear 
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B, = 675 mm 


TE 


centroid of 
hatched area 


Figure 15.65 Section dimensions 


resistance may be calculated and later checked against the 
minimum post-tensioning force applied to eliminate the 
theoretical flexural tensile stress due to bending. The larger 
of the two forces calculated should then be used in the 
design. 


ee 0.35 4 0.685 
Vay Yom 
therefore 
0.189 = 0.35 ‘ 0.62, 
2.0 2.0 
therefore 
8p = 0.047 N/mm? 
But 


8p =8qt design post-tensioning stress 


0.96, 7.32x10° 
A 0.214x 108 


and 8a 


= 0.034 N/mm? 
where G, = 0.214 x 19 x 2=8.132 kN/cell = 12.05 kN/m 


Yy 
102 
177 
558 
A 
279 


Hence 


&, = 0.034 + design post-tensioning stress 
0.047 — 0.034 = design post-tensioning stress 
0.013 = design post-tensioning stress 


The design post-tensioning stress varies across the section 
owing to its eccentricity, however the maximum value of 
horizontal shear occurs where the design post-tensioning 
stress has its average value. 


Hence: 


design post-tensioning force = 0.013 x A 
=0.013 x 0.214 x 10° 
= 2.78 KN per cross-rib 
=4.12 kN/m (small pre-stress 
force to satisfy shear) 


At this stage, the design post-tensioning force calculated 
is that applicable only to the development of horizontal 
shear resistance. The trial section derived is shown in 
Figure 15.66 and this section will now be used to check 
masonry stresses and to design the post-tensioning rods. 


critical section 
for shear 


102 


177 


Figure 15.66 Trial section 


y = 228 


¢ wall 


Reinforced and Post-tensioned Masonry 289 


15.11.4 Calculate Theoretical Flexural Tensile 
Stresses 


. 0.9G, M, 
tA Z 
_ 10.85x10% 21.52 x 108 
0.31710 42.82 10° 
= 0.034 - 0.50 


f,=-0.466N/mm? and f,=+0.034N/mm? 


Hence an eccentric post-tensioning force to produce 
stresses on f, = —0.034 N/mm‘? and f, = +0.466 N/mm? is 
required. 


15.11.5 Minimum Required Post-tensioning 
Force Based on Bending Stresses 


A 
Pehl 


where 


f, = 0.466 N/mm? 
f, =—0.034 N/mm? 
A=0.317 x 10° mm?/m 


hence 


6 
Puoase-0039 2X” 


=68kN/m 


The minimum post-tensioning force required to eliminate 
the theoretical flexural tensile stresses (68 kN/m) is greater 
than that required to ensure adequate shear resistance (5.07 
kN/m) as calculated in section 15.11.3. The higher value of 
the two is adopted for subsequent calculations. It is first 
necessary to determine the eccentricity at which the post- 
tensioning force should be placed. This is given by the 


equation: 
e= fe mS Z 
P A 


where Z = 42.82 x 10° mm, hence 


_{ 0.466 1 
68x 103 0.317 x 10° 


x 42.82 x 10° 


=158 mm 


The maximum practical eccentricity which can be provided 
ina wall section 558 mm deep is: 


Hoe [= 102 rod came) 


- 17 - rod dane) 


Allowing for a 20 mm rod, say, maximum practical eccen- 
tricity = 160 mm. 


The required eccentricity is just within this limit, hence, by 
placing the calculated force, 68 kN/m, at an eccentricity of 


158 mm, both the bending and shear stresses are limited to 
acceptable values. 


If the calculation had indicated that an eccentricity greater 
than 150 mm were required, then it would have been neces- 
sary to use an increased post-tensioning force at reduced 
eccentricity. The new force required would be determined 
by substituting the maximum practical value of e in the 
formula: 


P= f 
(1/A) + (e/Z) 


15.11.6 Characteristic Post-tensioning 
Force, P,. 


In order to achieve a minimum design post-tensioning 
force of 68 KN/m, a characteristic post-tensioned force, P,, 
of 68/y, should be provided in the rods, where y, would be 
taken as 0.9 as discussed in section 15.8.9. 


Hence, characteristic post-tensioning force P, = 68/0.9 = 
75.56 kN/m. This force is now used to check the design 
compressive stresses in the wall and to establish the size of 
the post-tensioning rods. 


15.11.7 Capacity Reduction Factors 


The overall stability of the wall section and the local stabil- 
ity of the flanges (leaves) will be checked under combined 
axial and flexural loading. 


(a) Overall Stability 


Effective height,h,, =2h=2x2=4000 mm 
Effective thickness, f,,= actual thickness = 558 mm 


(Note: The effective thickness for diaphragm walls was dis- 
cussed in Chapter 13.) 


4000 _ 


— =7.2 
558 


Slenderness ratio, SR = 


Eccentricity of dead load plus characteristic post-tensioning 
force: 


: i Pye 
effective eccentricity = - 
P,.+ design dead load 
_ 75.56 x 0.158 
75.56 + 10.85 
=0.138 m 
effective eccentricity _ 138 
tor 558 
= 0.247 


Hence, for SR = 7.2 and e, = 0.2471, from BS 5628, Part 1, 
Table 7, 8 =0.57 (see Table 5.15). 


(b) Local Stability 


The flange (leaf) is restrained against buckling by the cross- 
ribs which may be taken to constitute enhanced resistance 
to lateral movement. Hence 
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Slenderness ratio, SR= Meg 


ef 
= 0.75 x 675 =49 
102.5 


The combined axial and flexural stresses may be consid- 
ered to be applied to the flange with zero eccentricity for the 
purpose of the calculation of . 


Hence for SR = 4.9 and e, = 0, from BS 5628, Part 1, Table 7, 
B = 1.0 (see Table 5.15). 


15.11.8 Check Combined Compressive 
Stresses 


Consider the wall subject to dead loading plus post- 
tensioning force only — before losses. In anticipation of 
20% loss of post-tensioning force, the characteristic post- 
tensioning force, P,, should initially be increased by 20%, 
hence: 


75. 
Post-tensioning before losses = a 


=94.5kN/m 


Design post-tensioning force before losses = y, x 94.5 
=132.3kN/m 


where y; = 1.4, i.e. load factor for dead loads. 


Maximum design dead load = 1.4G, = 1.4 x 12.05 
= 16.87 kN/m 


Maximum flexural compressive stress due to post-tensioning 
force, P, 
P». Pe 
=—+— 
A Z 
132.3 x 10° x 158 
42.82 x 10° 


_ 132.3 103 
0.317 x 108 


=0.417 + 0.488 
= 0.905 N/mm? 


Minimum flexural compressive stress due to post-tensioning 
force 


= 0.417 — 0.488 
=-0.071 N/mm? 


i.e. tension. 


Axial stress due to maximum design dead load 


_ 16.87 x 10° 


= ———__ = 0.053 N/mm? 
0.317 x 10° 
Combined stresses due to G, and post-tensioning force: 


Maximum combined stress = 0.053 + 0.905 
= 0.96 N/mm? 


Minimum combined stress = 0.053 — 0.071 
=-0.018 N/mm? 


1220 


Yom 


Design strength before losses = 12f 


=a 1.25 x 1.0 x 9.2 
2.0 


=6.90 N/mm? 


in which the wall is assumed to have achieved its full char- 
acteristic compressive strength at the time that the post- 
tensioning is carried out, hence, f,, = f,; also the capacity 
reduction factor relates to the local stability of the flange in 
this instance and the effect on the overall stability will be 
checked in due course. 


By inspection the design strength far exceeds the combined 
compressive stress, hence, the wall is acceptable for this 
loading condition. 


The reserve of strength available in this example before 
losses indicates that there is no need to check for the same 
loading condition after losses. 


Consider stability of overall wall section under dead load- 
ing plus post-tensioning force after losses. 


Design axial load = (y,G,) + (y,P\) 
= (1.4 x 12.05) + (1.4 x 75.56) 
=122.65kN/m 


122.65 x 10° 
0.317 x 10° 

= 0.387 N/mm? 
Bh 


mm 


_ 0.57x9.2 
~ 20 


Design axial stress = 


Design strength of wall = 


=2.62 N/mm? 


in which the effect of the eccentricity of the post-tensioning 
force has been taken into account in the calculation of B. 


The design strength exceeds the design stress, hence the 
wall is acceptable for this loading condition. 


Consider the wall subject to dead loading plus superim- 
posed loading plus post-tensioning force. 


YG, _ 1.4% 12.05 x 10° 
A 0.317 x 10° 


Axial stress due to G, = 


=+0.053 N/mm? 
Maximum flexural stress due to post-tensioning force, P,, 


aly, Meee 


A Zz 
= 1.4x75.56x10° 1.4 75.56 x 10° x 158 
0.317 x 10° 42.82 x 10° 
=+0.724 N/mm? 


Reinforced and Post-tensioned Masonry 291 


Minimum flexural stress due to post-tensioning, P,, 


_ UP x ii ¥ePie 
A Z 


= 0.333 — 0.390 =—0.057 N/mm? 
i.e. tension. 


Flexural stress due to applied moment 


_ My _ 21.52 x 10° 


a Bee =+0.503 N/mm? 


Hence: 


Maximum combined compressive stress = +0.499 N/ mm? 
Minimum combined compressive stress = +0.274 N/ mm? 


The stress diagrams for this working condition are shown 
in Figure 15.67. 


1.25Bf, 

Ymm 
_ 1.25x1.0x9.2 
~ 2.0 


Design strength of wall = 


=5.75 N/mm? 


The design strength exceeds the combined stress, hence the 
wall is acceptable for this loading condition. 


UV 


0.053 Co —S™ dead load 
Cc 
+ 
—0.057 
0.724 post-tensioning 
fe 
bending stresses 
-0.503 due to retained 
T material 
+0.503 i 
0.274 combined 
Cc stresses 
0.499 


[all stress values in N/mm?] 


Figure 15.67 Stress diagram for dead plus 
superimposed plus post-tension loading Example 7 


Check minimum combined stress in which y, for dead and 
post-tensioning force = 0.9. 


_ %G, _ 0.9 12.05 x 10° 
A 0.317 x 10° 
= 0.034 N/mm? 


Axial stress due to G, 


Maximum flexural stress due to post-tensioning force, P,, 


_ UP x si VeP re 


A Z 
_ 0.9 75.5610 0.9 75.56 x 10° x 158 
0.317 x 10° 42.82 x 10° 


=0.215 + 0.251 = 0.466 N/mm? 
Minimum flexural stress due to post-tensioning force, P,. 


=0.215 — 0.251 =—0.036 N/mm? 


Flexural stresses due to applied moment = se 


=+0.503 N/mm? 
Minimum combined compressive stress 
= 0.034 + 0.466 — 0.503 = zero N/mm? 
Hence, no tensile stresses are developed. 
15.11.9 Check Shear between Leaf and 
Cross-rib 


Another critical section for checking shear stresses is in 
the vertical plane at the junction of the cross-ribs and the 
leaves, as shown in Figure 15.68. 


VAY 
Tat 


nar 


Shear stress, v,, = 


where 


V =design shear force = 17.25 kN/cross-rib 
A, = area of leaf = 102.5 x 675 = 0.069 x 10° mm? 


g=177+ 22 =228mm 


I. =moment of inertia = 8.07 x 10° mm* 


na 


t= thickness of cross-rib = 215 mm. 
Hence 


5, = 17:25 10° x 0.069 x 10° x 228 
h 8.07 x 10° x 215 


=0.156 N/mm? 


The cross-ribs are assumed to be half-bonded into the leaf 
at alternate courses as shown in the bonding diagram 
(Figure 15.69). For shear failure to occur at the junction of 
the cross-rib with the leaf, the bonded bricks would need 
to snap. 


Shear strength of a fully bonded wall = fo 


Vow 
There appears to be some uncertainty in the Code about 
the value of f,, which is given as 0.7 N/ mim in Part 1 of the 
Code (vertical shear: vertical direction, see Figure 6.34) and 
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675 


VA 


215 460 215 
| —___—___.- 


snap header 


Figure 15.68 


354 


A per cell = 0.214 m? 
A per m = 0.317 m? 


metal shear 
ties 


each alternate course 


split header 


post-tensioning rods 


third course (etc.) 


Figure 15.69 Bonding details 


up to a maximum value of 1.75 N/ mim in Part 2 of the 
Code (see section 15.3.6(e)) depending on the level of pres- 
stress. The authors consider it prudent to use a maximum 
value of 0.7 N/mm, hence: 


f,=0.7 N/mm? 


Veny = 2-9 


Therefore 
0.7 > 
Shear strength = ae = 0.28 N/mm 
The effect of the half-bonding shown in Figure 15.69 is 


uncertain but will result in the above shear strength being 
reduced by anything up to half of the calculated value. 
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Shear strength of half-bonded wall = = 


=0.14 N/mm? 
which falls short of the applied shear stress of 0.156 N/ mm. 


This shortfall can be accommodated by the introduction 
of flat metal shear ties, as shown in Figure 15.69, placed in 
the lower courses only up to the course level at which the 
applied shear stress has reduced to that of the shear resist- 
ance of the half-bonded wall — estimated to be at fourth or 
fifth course up from base. The horizontal shear stress has 
already been shown to be acceptable in section 15.11.3. 


15.11.10 Design of Post-tensioning Rods 


Post-tensioning force required = 94.5 kN/m before losses. 
One post-tensioning rod per cell of the diaphragm wall will 
be used, hence 


Post-tensioning force per cell = 94.5 x 0.675 
= 63.79 kN 


: Tfy 
Design strength of rods = —— 


ms 


= 280 N/mm? 


63.79 x 10° 


Area of rod required per cell= 
280 


= 228 mm? 


One high yield post-tensioning rod of 20 mm diameter 
(area provided = 315 mm_2) will be used in each cell of the 
diaphragm wall. 


The remainder of the rod design should follow similar prin- 
ciples to the previous two examples. A capping beam will 
be provided to spread the post-tensioning force throughout 
the wall section. 


16 Arches 


extrados — outer 
part of arch 


\ 


intrados — inner 
part of arch 


rise 


springing 
point 


abutment 
(support) 


Figure 16.1 Typical arch 


Brick arches were built in Egypt more than 5000 years ago. 
They are one of the oldest and most attractive structural forms. 


Since arches are basically required to resist compressive 
forces they are well suited to masonry construction. There 
have been, in the past, exciting developments from the arch 
to the vault and the dome. They have been economical, 
durable and aesthetically pleasing — and almost forgotten 
by modern engineers. A revival in their use would be 
invaluable in developing countries with indigenous sup- 
plies of stone, brick and local masons. They would also be 
useful in developed countries in areas where the visual 
environment needs something more attractive than a plain 
steel or concrete beam bridge. To give some idea of their 
potential, a simple masonry arch can easily span 20 m or 
more. The common terms used in arch design are depicted 
in Figures 16.1-16.5 and may be useful to the engineer in 
discussions with architects and builders and in the produc- 
tion of working drawings. 


ring or heading joints 
coursing joints 


string coursing 


Figure 16.2 Arch coursing 


spandrel (piers or solid infill) 


spandrel 
wall 


soffit or under 
surface of arch 


abutment haunches 


Figure 16.3. Arch terms 


crown — top of arch 
keystone 


voussoir (if shaped unit) 
plain (if rectangular unit) 


skewback 
1 brick or 2 half-brick 
block ring rings 
Figure 16.4 Brick ring types 
<t— _ road 


art, river 


plan on square arch 


plan on skew arch 


Figure 16.5 Square and skew arch plans 


16.1 


The following discussion deals, for simplicity, with an arch 
ring unconnected with a spandrel wall — which could be 
considered as a wall with an arch ‘cut out’; or a narrow arch 
with spandrels on both faces which could be considered 
similar to a U-shaped section. 


General Design 


Most masonry arches are considered to be ‘fixed’ arches, 
i.e. there are no hinges, and they are not considered to be 
capable of resisting tensile stresses. The downward load on 
the arch creates lateral and compression thrusts in the arch 
span (see Figure 16.6), which pushes the masonry units 
against each other and compresses them, and in turn the 
arch thrusts against the abutments. 


If the line of the thrust is on the centre of the arch, the arch 
ring is under uniform compressive stress (see Figure 16.7) 
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compression 
thrust 


reaction 


Figure 16.6 Loading and thrust in an arch 


f-P 


A 
oon < thrust P 
unifo 


rm stress 


Figure 16.7. Uniform compressive stress 


=-P,Pe 
A 2 b 
thrust P 
Pe cross-section 


Z 
Figure 16.8 Non-uniform compressive stress 


As will be seen later, the line of the thrust does not always 
pass along the centre line of the arch, and the arch is not 
then in uniform compressive stress (see Figure 16.8). 


The compressive stress on the arch due to P, is P/bd, i.e. P/A, 
and the stress due to the moment Pe, is Pe/Z. 


The total stress, then, is 


P. Pe 
f=—+— 
A Z 


Z for a rectangular section = bd 2/6,and A= bd. 


At the limit, for no tension (see Figure 16.9): 


P P 
fe0=—-— 
A Z 
e 
therefore — +— 


parallel to ao on 
force diagram 
across space A 


parallel to bo 
funicular polygon 


Figure 16.11 Funicular polygon 


P 
t {ye=d06 
i co 


load on arch stress distribution 


Figure 16.9 No tension condition in arch 


¢ middle third 


Figure 16.10 Middle third in the arch 


a2 belo _ 


therefore 
A bd 6 


Provided that the line of thrust does not pass outside a 
distance (d/6) either side of the centre line of the arch, no 
tension stresses will develop. This, of course, is the well- 
known ‘middle third’ rule (see Figure 16.10). 


In fact, the line of thrust can lie outside the middle third, 
tensile stresses can develop and cracks can occur. The line 
of thrust can move to the edge of the arch ring and a ‘hinge’ 
will develop, but the arch will not necessarily collapse. This 
will be discussed later — for simplicity the design of the 
fixed arches with no tension will be discussed first. 


16.1.1 Linear Arch 


The linear arch (see Figure 16.11) is analogous to a steel 
cable, and a consideration of the behaviour of the cable will 
clarify the behaviour of an arch. 


A force diagram is drawn, for the cable shown in Figure 
16.11, from which the funicular polygon can be constructed 
which shows the magnitude of the forces in the cable. The 
value of P depends upon the magnitude of the horizontal 
reaction, H. As H increases the sag in the cable lessens, but 
the tension in the cable increases. The force diagram (using 
the well-known Bow’s notation) enables the value of the 
tension force in the cable to be determined. 


If the point loads, W,, W,, etc., are replaced by the own 
weight of the cable, the cable takes up the shape of a 


force diagram 
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W, Ws 


wW, W, 


H—> H 


vt V 
linear arch 


Figure 16.12 Linear arch 


greater rise 
results in 
smaller thrust 


Figure 16.13 Arch rise and thrust relationship 


uniformly distributed load 


compression 
thrust 


“yi 


Figure 16.14 Parabolic arch and uniformly 
distributed load 


ian 


catenary curve. When a cable is loaded with a uniformly 
distributed load, the deflected shape forms a parabola. (It 
should be noted that the own weight alone of a cable does 
not produce a uniformly distributed load.) If the steel cable, 
shown in Figure 16.11, is replaced by a series of short steel 
rods pin-jointed at their connections at load points W,, W,, 
W,, etc., and then inverted, the rods would be the same as 
in the cable, and have the same vertical and horizontal 
components. The inverted funicular polygon is known as 
a linear arch (see Figure 16.12). 


The horizontal thrust at the abutments of the arch, and the 
compression in the rods, depend not only on the magnitudes 
of W,, W,, etc., but also on the rise of the arch (in the same 
way as the sag in the cable depended on a horizontal 
pull at its supports) and on the magnitude of the loads 
(see Figure 16.13). Roman arches were nearly always semi- 
circular, so that the rise was half the span. Many experts 
were alarmed when Brunel built the Maidenhead Bridge 
with a span of 38 mand arise of only 8 m. The bridge appar- 
ently now carries ten times the load Brunel envisaged. 


Similarly, if the arch is uniformly loaded, its most efficient 
shape is parabolic (see Figure 16.14). In some cases in prac- 
tice, the line of thrust is near enough for design purposes to 
the arc of a circle. 


arch ring 


pa 


(a) 


Figure 16.15 Position and magnitude of P in an arch 
under uniformly distributed load 


Changes in the magnitude of the thrust, H, affect the magni- 
tude of the compression force, P. It will also alter its posi- 
tion within the arch ring. 


Ina uniformly loaded arch, P is assumed to act horizontally 
at the crown (top) of the arch and in the centre of the arch 
ring (see Figure 16.15(a)). 


The value of P is calculated (admittedly crudely) by cutting 
through the arch at the crown and taking moments about 
A, assuming A to act as a pin joint, when: 


Pxr=W, XX, +W, XX_ + WX Xz, 
(see Figure 16.15(b)). 


This assumes that there is no restraining moment at A, but 
this error gives the maximum possible value of P and is 
therefore on the safe side. 


Since the theory of fixed arches is based on assumptions of 
doubtful validity, in practice (see below) many engineers 
think it prudent to determine the linear arch which lies 
nearest to the line of the arch. This will be explained in 
later examples. From experience, it has been found that 
graphical analysis of trial sections is more satisfactory, 
certainly for spans up to 15 m, than the questionable and 
tedious mathematical analyses. It gives too, a better ‘feel’ of 
the structure and forces to the designer. 


16.1.2 Trial Sections 


A number of Victorian engineers derived formulae for trial 
sections for brickwork based on experience, and some 
testing, and examples of these are given below (for S, R and 
D, see Figure 16.16). 


Rankine: §D=vV(0.12R) 


Trautwine: D=0.27+0.33 V(s + n 


depth of arch, D 


rise 


radius,R 


| span, S 
I-—_—_—_—_—_ 


Figure 16.16 Trial section dimensions 
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O—o —> light rolling load 


+— road slab 


massive earth 


filling 


thick arch 


Figure 16.17 Typical arch for rule of thumb application 


Depuit: D=V (0.0745) (for segmental arches) 
D=V(0.13S) (for semi-circular arches) 
Sejourne: __D (for ellipses) 
4 
=0.15 — | [3.28 + V(3.285)] 
2 x rise 
3+ 
S 


D(for semi-circular) = 0.15 [3.25 + V(3.285)] 


Hurst: D=0.4 VR 


These formulae are based on Imperial measurements, and 
would need conversion to SI units. 


If the foregoing ‘rules’ are applied to a semi-circular arch of 
50 foot span (therefore, R = 25 ft and rise = 25 ft), the results 
are surprisingly consistent: 


Rankine: D=2.45 ft 

Sean D=2.58 ft Avcape=o508 
Depuit: D=2.55 ft (piiacmaicly 08a 
Sejourne: D=2.4 ft PP a 
Hurst: D=2.0 ft 


With better bricks, stricter control of workmanship, and a 
greater understanding of structural behaviour, the trial sec- 
tion could be reduced. The ‘rules’ were based on relatively 
thick arches supporting massive earth filling. The influence 
of the rolling imposed loads from horses and carts was 
negligible (see Figure 16.17). 


Many Victorian masonry arches over railways and canals, 
built to carry horse-drawn carts and carriages, had to be 
checked before the D-Day invasion in the Second World 
War to determine whether they were capable of supporting 
the massive loadings from tanks and artillery. Practically 
all of them were more than adequate. 


16.1.3 Mathematical Analysis 


Professor Pippard (Journal of the Institution of Civil 
Engineers, Jan. 1939) stated that the ‘middle third’ rule was 
unduly pessimistic and suggested the use of the ‘middle 
half’. In later work, he found that the thrust could pass not 
just outside the middle half, but outside the arch ring with- 
out the arch collapsing. 


Professor Hardy Cross (of moment distribution fame) 
found on concrete arches (University of Illinois, Bulletin 
No. 203) that half the total stress in the arch was due to its 
own dead weight. He later went on to say: ‘Some of the 


original span 


problems of arch analysis, however, cannot be solved by 
either rational or empirical methods alone. They are prob- 
lems in probability in which the range of uncertainty of 
certain fundamental variables is a matter for observation, 
but the probable uncertainty in the results consequent 
upon accidental combination of these variable can scarcely be 
determined by experiments.’ This view may now be out- 
dated, but good research, applied with appropriate partial 
factors of safety, would be valuable to practising engineers. 


The mathematical analysis of masonry arches has, at times, 
attracted mathematicians and structural theorists. The result- 
ing highly complex mathematics have not been acceptable 
to many practising designers, perhaps because the assump- 
tions made by the analysis do not occur in practice. Typical 
assumptions and the authors’ rejection of the analyses are 
given below: 


The Abutments do not Move 


In practice the abutments can be subject to the following 
movements: 


(a) Spread of the abutments 


The arch will thrust against the abutments causing them to 
spread apart (see Figure 16.18). The arch will crack at the 
crown and springings and form a statically determinate 
three-pinned arch (as distinct from the assumed fixed arch). 
The hinges would show up as haircracks in the mortar 
joints, and the line of thrust would pass through the hinge 
points. The arch, acting as a three-pinned arch would still 
be safe and stable, provided the compressive resistance of 
the masonry is not exceeded. 


(b) ‘Squashing’ together of the abutments 

The pressure from retained earth and excessive surcharge 
loading can push the abutments together and reduce the 
span of the arch. Again, the arch could crack and form a 
three-pinned arch, as shown in Figure 16.19. 


my 
movement of 
abutments 


increased span due to 
spread of abutments 


Figure 16.18 Spread of arch abutments 
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movement of 


reduced span 
abutments 


Figure 16.19 Squashing of arch abutments 


(c) Differential settlement of the abutments 

It is rare in practice for both abutments to settle by exactly 
the same amount. Even minute differential settlements would 
distort many mathematical analyses. The most thorough 
soil surveys, investigations and analyses only give estimates 
of settlement. 


Arches are very stable structures and are not over-sensitive 
to foundation movement. Clare Bridge at Cambridge, for 
example, is appreciably distorted due to movement of the 
abutment, which took place a long time ago. It is still stand- 
ing and is still safe. 


The Arch is Elastic 


Masonry, while at low stresses can act elastically, even 
though it is not an elastic material. 


The Arch does not Change its Profile 


The elements of the arch can contract due to compression 
forces, creep action, shrinkage of the mortar (or concrete 
blocks), etc. These contractions will shrink the arch and 
cause it to sag. The sagging would in most cases, be minute, 
and can in practice be ignored. 


The elements of the arch can expand due to moisture and 
thermal movement, expansion of bricks, chemical changes, 
etc. These expansions will ‘lengthen’ the arch and cause 
it to rise. Again the rise would generally be minute and of 
little practical consequence. 


Arches, as any other structural member, are rarely built to 
an exact profile. There are the normal construction toler- 
ances and small imperfections. Arch formwork will deform 
slightly during construction of the arch. Mortar joints and 
masonry units have permissible tolerances, setting out even, 
if possible, to accuracies of 1 in 100 000 is not ‘accurate’. 


superimposed 
load 


dead load 


The Material is Homogeneous and Isotropic 


Arches are made of masonry and mortar which have differ- 
ent properties. Mortar does not glue the masonry together, 
but helps to transfer the compressive load from one 
masonry unit to another uniformly, and not just at the high 
points. Masonry does not have an orthogonal ratio of unity. 


The Loading is Uniform 


When the dead loads and superimposed loadings are uni- 
form, the arch has its highest compressive stresses. The worst 
case for tensile stresses is usually when only one half of its 
span is subject to superimposed load (see Figure 16.20). 
If the superimposed load is sufficiently excessive, four 
hinges could form and a collapse mechanism develop. 


Changes of profile, span, length, etc., which will happen, 
have a very significant effect on complex mathematical ana- 
lyses and very little effect on practical design or strength 
and stability of the arch. Masonry, like steel and reinforced 
concrete, has sufficient elasticity to withstand small struc- 
tural movements without damage. 


Mathematical analysis is, of course, invaluable to the 
engineer when it allows him to design safe and economical 
structures, and the above comments should not be regarded 
as denigrating analysis but as helping to give a sense of 
proportion. The simple graphical analysis should produce 
a safe arch. Some mathematical analysis may result in a 
thinner arch, which would make for extra economy. How- 
ever, it should be appreciated that much of the cost of arch 
bridges is independent of the thickness of the arch. For 
example, the costs of the abutments, temporary centring 
formwork, road slab, filling and spandrels are hardly affected 
by whether the arch is three rings or four rings thick. 


Most masonry designers would have more confidence in 
design tolerance based on extensive study of the structural 
behaviour of actual masonry arches, than those based on 
theoretical assumptions. 


One of the simplest analyses (and in the opinion of the 
authors, one of the best) is probably that of Professor 
Heyman of Cambridge, in his excellent book, Equilibrium 
of Shell Structures. This deals with an arch of minimum 
thickness supporting its own weight only, and the depth 
of the calculated arch must be increased for trial section 
analyses to carry further dead load and any imposed 
loading. He has produced two graphs to determine the 


4 


a hinges a 


Figure 16.20 Loading to provide worst tensile stresses in arch 
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thickness of the arch and horizontal component of the 
abutment thrust. 


16.2 Design Procedures 


(1) Choose rise (between !/4 to '/2 span). 

(2) Choose shape (preferably parabolic or arc of a circle). 
(3) Choose trial section. 

(4) Carry out graphical analysis. 

(a) Divide the arch and the filling above into a number 
of segments, such as A, B, C, D, E (see Figures 16.21 
and 16.22). 

(b) Determine the dead load of the arch, filling and 
imposed load on each segment. Take both cases of 
imposed loading, i.e. whole span loaded and from 
abutment to crown only loaded. 

(c) Treat the distributed load as a series of point loads, 
W,, W,, etc. 

(d) Calculate the thrust H, at crown by taking moments 
about X: 


A, xr=W,xX,+ W,x X,+ W;x X,+ etc. 


(for this calculation, assume that H, is horizontal 
and that the moment at the crown is zero, i.e. a 
three-pinned arch). 

(e) Plot the force diagram, using Bow’s notation (see 

Figure 16.23). 

(f) Draw the line of thrust on the arch profile thus: 

(i) Start at crown of arch and plot the horizontal 
thrust line acting through the centre of the 
depth of the arch ring. 

(ii) Through space A, draw line parallel to ao (i.e. 
horizontal thrust line H,) changing slope at ‘a’ 
and becoming parallel to bo. 


Figure 16.21 


Division of arch into segments 


force diagram 


Figure 16.23 Force diagram 


(iii) Continue line parallel to bo through space B 
and change slope at b to become parallel to co, 
and so on. 

(g) The resulting line, known as the line of resultant 
thrust, is checked to determine whether it passes 
outside the middle third of the depth of the arch ring. 

(5) Check stresses at the critical locations on the arch ring 
using the procedure given in the following examples. 

(6) Check ‘cracked section’ analysis if unacceptably high 
tensile stresses are indicated in operation (5). 

(7) Redesign as necessary; note that if the line of resultant 
thrust is shown, in operation (4g), to be considerably 
outside the middle third of the depth of the arch ring, it 
is likely that the shape of the arch will require adjust- 
ment and operations (1) to (4) should be repeated for 
the new arch profile. 

(8) Having established a suitable arch profile, and checked 
the stress levels in operations (5) and (6), choose masonry 
unit and mortar strength. 


16.3 Design Examples 


The following design examples will simply relate loads to 
stresses and will not be presented in ‘limit state’ terms. It is 
considered that this will provide the designer with a clearer 
picture of the mechanics of arch design and will highlight 
the need for experienced judgement and adjustment of the 
trial section. 


16.3.1 Example 1: Footbridge Arch 


Segmental brick arch of 10 m span and 2 m rise will be 
assumed to be 330 mm deep and is subject to various load- 
ing conditions (see Figure 16.24). 


The arch has been divided into ten segments each of 
equal length (equal length segments were chosen merely to 


¢ symmetrical 


ae line of resultant 


X thrust 


brick infill 
brick arch 


uniformly distributed dead load only 


Figure 16.22 Division of arch into segments — uniformly distributed load 
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case (1) dead load only 


Figure 16.24 Arch profile for Example 1 


simplify the calculations and this is not a pre-requisite of 
the process). The mass of each segment is then calculated 
and a density of 23.5 kN/ m° has been assumed for the 
masonry in each of the following examples. 


Calculate Mass of Arch Segments 


Volume of each segment 


Segment A(A,) 0.70 x 1.0=0.70 m3 
Segment B(B,) 0.72 x 1.0=0.72m° 
Segment C(C,) 0.80 x 1.0=0.80 m3 
Segment D(D,) 0.94 1.0=0.94 m3 
Segment E(E,) 1.18 x 1.0=1.18 m3 


Hence, using a density of 23.5 kN/ m°, 


Mass A(A,) = 0.70 x 23.5 = 16.45 kN 
Mass B(B,) =0.72 x 23.5 = 16.92 kN 
Mass C(C,) = 0.80 x 23.5 = 18.80 kN 
Mass D(D,) = 0.94 x 23.5 = 22.09 kN 
Mass E(E,) = 1.18 x 23.5 = 27.73 KN 


Case (1): Dead Loading only 


Having determined the mass of each segment, moments of 
the masses are taken about the point X at the base of the 
arch. The summation of these moments is equated to the 
moment of the thrust, acting at the point Z at the crown 
of the arch. In this example the thrust is thus shown to be 
105 kN as follows. 


Take moments about X: 


Mass A=16.45x4.5= 74.03 
Mass B =16.92*3.5= 59.22 
Mass C = 18.80 x 2.5= 47.00 
Mass D = 22.09x1.5= 33.14 
Mass E =27.73x0.5= 13.87 
Total = 227.26kN m 


H,, x 2.165 = 227.26 
H,=105.0kN 


The base line of the force diagram can now be plotted to 
a suitable scale with a horizontal line ao representing the 
thrust H, in magnitude and direction (see Figure 16.25). 
From point ‘a’ the mass of each segment is plotted on a 


¢ symmetrical 


spandrel wall and infill 
brick arch 330 mm thick 


H, = 105 kN 


0 oO DW > 


x 
case (1) force diagram (other half similar) 


Figure 16.25 Force diagram for dead load only for 
Example 1 


vertical line with a—b representing the mass of segment A, 
b-c representing the mass of segment B, etc., until point x is 
reached. The lines of thrust in each segment are now estab- 
lished by connecting point o to each of the points b, c, d, e 
and x. Line xo represents the resultant reaction at the base 
of the arch. 


The forces from the force diagram are now transferred to 
the arch profile following the procedure given earlier in 
operation (4f). The line of resultant thrust is symmetrical 
about the centre line of the arch for this symmetrical load- 
ing condition. By inspection of the line of resultant thrust 
there appears to be a potential problem near to the spring- 
ing point where the thrust line is touching the edge of the 
arch ring (see Figure 16.24). Hence, the thrust has a large 
eccentricity and tensile stresses within the arch ring may be 
excessive. However, the thrust at the crown was assumed 
to be applied on the centre of the depth of the arch ring and 
it is likely that if this were moved upwards to the edge 
of the middle third of the depth of the arch ring, the stress 
levels at this location would still be acceptable. In doing so 
the line of resultant thrust at the springing point would 
move nearer to the centre line of the arch, thus reducing the 
effect of its eccentricity. The line of thrust will, of course, 
take its own course in practice and the object of the design 
process is to set out a theoretical line of thrust and adjust it 
until a situation is reached where all stresses are within 
acceptable limits. This may not necessarily be the most 
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efficient line for the thrust to take, in that stress levels in 
some zones of the arch ring may be disproportionately 
higher than in other zones. However, the design will have 
demonstrated that the section is adequate. In adjusting the 
point of application of the thrust at the crown, the assump- 
tions made at the outset will be incorrect, i.e. the dimen- 
sions used to calculate the reactions will differ slightly and 
there will now be a bending moment at the crown where 
zero moment was assumed for the calculation of the 
reactions. However, it is considered that, provided stresses 
are checked throughout and shown to be acceptable, these 
errors may be ignored and the suggested design method 
should produce a safe and satisfactory solution. 


Cases (2) and (3): Dead plus Superimposed Loading 


Case (2) is based on a crowd superimposed loading of 
4kN/m in addition to the dead loads as calculated for case 
(1). The horizontal thrust H, for this loading case is cal- 
culated to be 128.14 kN and the line of resultant thrust is 
shown in Figure 16.26, having been plotted from the force 
diagram shown in Figure 16.27. 


Similarly for case (3) loading, where the superimposed load 
is increased to 8.0 kN/m, the relevant arch and force dia- 
grams are shown in Figures 16.28 and 16.29 respectively. 


The calculation of stresses within the masonry will be dealt 
with in Example 2. 


s.l.=4kN/m (s.l. denotes super load) 
¢ symmetrical 
c B _A:A B, 


case (2) dead + super load 


Figure 16.26 Load and segments for dead and 
superimposed loading Example 1(case 2) 


H, = 128.14 kN 


xX 


case (2) force diagram (other half similar) 


Figure 16.27 Force diagram for dead and superimposed 
loading Example 1(case 2) 


s.l. = 8 kN/m (s.I. denotes super load) 
¢ symmetrical 


A: Ay 


vata ; Ny 
case (3) dead + increased super load 


Figure 16.28 Load and segments for dead and 
superimposed loading Example 1(case 3) 


H, = 151.64 kN 


x 
case (3) force diagram (other half similar) 


Figure 16.29 Force diagram for dead and 
superimposed loading Example 1(case 3) 


16.3.2 Example 2: Segmental Arch Carrying 
Traffic Loading 


A circular arch has been selected which, from experienced 
judgement, provides the most suitable profile to support 
the heavier loading involved. The span of the arch is 10.0 m 
and the rise will be made 4.0 m, almost semi-circular. The 
loading information and arch profile is shown in Figure 16.30 
and the thickness of the masonry will be taken as 1.0 m. 


The design procedure is similar to that used for the pre- 
vious example and for convenience the arch has been divided 
into ten equal segments. 

Case (1): Dead plus Superimposed Loading 


Calculate thrust, H,, at crown 


Dead Load Superimposed Total load 

(kN) load (kN) (kN) 
Segment A 25.4 16.4 41.8 
SegmentB 38.5 16.4 54.9 
Segment C 54.1 16.4 70.5 
Segment D 73.8 16.4 90.2 
Segment E 98.7 16.4 115.1 
Total (excluding 40 KN point load) = 372.5 
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point load of 40 kN 


s.l. = 16.4 kN/m 


(s.l. denotes super load) 


4.125m 


(<br infill 


¢ symmetrical 


0.48 m deep 
brick arch 


H, = 200 KN |*—______> span= 10.0 m ‘ 


case (1) dead plus super load (symmetrical) 


Figure 16.30 Arch profile for Example 2 


Total vertical reaction at X = 372.5 + 20.0 = 392.5 kN 
(where 20 kN = half centre point load). 
Take moments about X: 


Mass A=41.8x4.5 =188.10 
Mass B =54.93.5 =192.15 
Mass C = 70.5 2.5 =176.25 
Mass D=90.2 «1.5 =135.30 
Mass E =115.1x0.5= 57.55 


Half point load = 20.0 x 5.0 = 100.00 
Total = 849.35 kN m 


H, x 4.24 = 849.35 
H,=200kN 


1 Plot force diagram 

The force diagram, shown in Figure 16.31, may now be 
plotted. The one difference in the setting out of the force 
diagram is the need to provide an inclined thrust at the 
crown to generate a vertical component equal and opposite 
to the point load applied at the centre of the span. Half 
the point load has been assumed to influence each half 
of the symmetrical profile. Hence line ao is inclined by the 
introduction on the force diagram of the 20 kN external 
force, Z—a. 


The forces are now transferred back to the arch profile 
shown in Figure 16.32 and once again the initial com- 
mencement point is at the centre of the depth of the arch 
at the crown. By inspection, a logical adjustment of this 
line of resultant thrust would be to raise the point of 
application of the thrust at the crown which would very 
likely result in the thrust line being contained within 
the arch depth throughout its length. However, the calcula- 
tion of stresses in the masonry will be carried out using 
the line of thrust shown in Figure 16.32 based upon 
the thrust magnitudes given in the force diagram (Fig- 
ure 16.33). 


H, = 200 kN 


V, = 392.5 kN 


case (1) force diagram (half span) 


Figure 16.31 Force diagram dead plus superimposed 
loading Example 2 


Calculate masonry stresses 

For convenience, as numerous repetitive calculations are 
required, the masonry stresses may be computed in tubular 
form as shown in Table 16.1. 


The stresses shown in Table 16.1 should now be compared 
with those allowable for the selected bricks and mortar 
using the basic principles given in Chapter 11. It is already 
evident that high tensile stresses exist at location G and a 
‘cracked section’ analysis will almost certainly have to be 
carried out at this location. 


Case (2): Dead plus Partial Superimposed Loading 


Figure 16.32 shows the same arch with superimposed load- 
ing on one half only of the arch span. 
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point load of 40 kN 


s.l. = 16.4 kN/m 


(s.l. denotes super load) 


case (2) dead plus partial super load (asymmetrical) 


Figure 16.32 Load and segments for dead and partial superimposed loading Example 2 


Table 16.1 Masonry stresses (two typical locations, F and G, are considered) 


Point F Point G 
Thrust, p 213.0 kN 342 kN 
Bending moment, M anticlockwise anticlockwise 


54.9x0.5 = 27.45 

70.5x1.5 = 105.75 

90.2x2.5 = 225.50 

115.1 3.5 402.85 

200.1x4.13= 826.00 
Total = 1587.55 kN m 


clockwise 
392.5 x 4.0= 1570.0 kN m 


imbalance 
1587.55 -— 1570=17.55kNm 


115.1«0.5 =57.55 
200 x 2.445 = 489.00 
Total = 546.55 kN m 


clockwise 
392.5x 1.0=392.5kNm 


imbalance 
546.55 —392.5=154.05 kN m 


Calculated eccentricity, e 17.55 x 10° 154.05 x 10® 
e=M/P 213.0 x 102 342 x 10? 
Eccentricity scaled from drawing 120 mm 410 mm 
3 3 
PIA cae cca 
480 x 10 480 x 10 
= 0.444 N/mm? = 0.713 N/mm? 
6 6 
MIz 17.55 x 10 154.05 x 10) 
38.4 x 10° 38.4 x 10° 
= 0.457 N/mm? = 4.012 N/mm? 


Maximum stress 


P 
Mini tress —- > 
Inimum stress A Z 


0.444 + 0.457 = +0.901 N/mm? (compressive) 


0.444 — 0.457 =—0.013 N/mm? (tensile) 


0.713+ 4.012 =+ 4.725 N/mm? (compressive) 


0.713 — 4.012 =-3.299 N/mm? (tensile) 
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E | 115.1 KN 
e 
D | 90.2 kN V, = 372 kN 
d 
C | 70.5 kN 
c 
B | 54.9 kN 
b 
f 
° a 
40.5 kN 
Vy = 331 kN 


case (2) force diagram (full span) 


Figure 16.33 Force diagram for dead and partial 
superimposed loading Example 2 


The design procedure is the same and the force diagram, 
for the full span since the loading is asymmetrical, is shown 
in Figure 16.33. 


Calculate thrust H, at crown 


Deadload Superimposedload Total load 


(kN) (kN) (kN) 
SegmentA 25.4 16.4 41.8 
SegmentB 38.5 16.4 54.9 
SegmentC 54.1 16.4 70.5 
SegmentD 73.8 16.4 90.2 
SegmentE 98.7 16.4 115.1 
Segment A, 25.4 0 25.4 
Segment B, 38.5 0 38.5 
SegmentC, 54.1 0 54.1 
SegmentD, 73.8 0 73.8 
SegmentE, 98.7 0 98.7 
Total (excluding 40 KN point load) = 663 KN 
Total vertical reaction at X, V, =372.0 kN 
Total vertical reaction at Y, V = 331.0 kN 
SV=0 VV =703 kN (16.1) 
SH=0 f=, =0 (16.2) 


Hence 


0=4.24H, + (41.8 x 0.5) + (54.9 x 1.5) + (70.5 x 2.5) 
+ (90.2 x 3.5) + (115.1 x 4.5) — (5.0V,) 


0=(4.24H,) + 1113.3 — (5.0V,) (16.3) 
and 

0=4.24H, + (25.4 x 0.5) + (38.5 x 1.5) + (54.1 x 2.5) 

+ (73.8 x 5) + (98.7 x 4.5) — 6.0V,) 

0= (4.24H,) + 908.2 — (.0V,) (16.4) 

Now adding (16.3) + (16.4) 
0=4.24(H, + H,) + 2021.5-5(V,.+ V,) (16.5) 
and substituting (16.1) into (16.5) gives 
0=4.24(H, + i) + 2021.5 - 3513 

Therefore H+ Hy, =352.2 kN (16.6) 
and He =U (16.2) 


hence A= Ay =176.1kN 


Vertical component of thrust at crown, V, 
To left of Z: 


V, -372.5-40-V, =0 
V, =40.5kN 


Check to right of Z: 


V,-290.5+ V, =0 
V, =40.5kN 


Horizontal component of thrust at crown, H, 
Taking moments about X 


0=(40 x 5.0) + (115.1 x 0.5) + (90.2 x 1.5) + (70.5 x 2.5) 
+ (54.9 3.5) + (41.8 x 4.5) — (V, x 5.0) — (4.24H,) 
4.24H, = 949.35 — 202.5 
H,=176.1kN 


16.3.3 Example 3: Repeat Example 2 using a 
Pointed Arch 


For the same loading and dimensional criterion as Example 
2, a pointed arch will now be analysed to demonstrate its 
unsuitability. 


Case (1): Dead plus Superimposed Loading 


Figure 16.34 shows the arch profile and the line of resultant 
thrust for case (1) loading (dead plus superimposed). 


Calculate thrust, H,, at crown 
Take moments about X: 


Segment A = (25.4 + 16.4) x 4.5 = 188.10 
Segment B = (38.5 + 16.4) x 3.5 = 192.15 
Segment C = (54.1 + 16.4) x 2.5 = 176.25 
Segment D = (73.8 + 16.4) x 1.5 = 135.30 
Segment E = (98.7 + 16.4) x0.5= 57.55 
Point load =40.0/2 x 5.0 = 100.00 
Total = 849.35 kN 
H, x 4.24= 849.35 
H,=200.00 kN 
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point load of 40 kN 


(s.l. denotes super load) 


s.l. = 16.4 kN/m 


¢ symmetrical 


0.48 m deep 
brick arch 


case (1) dead plus super load (symmetrical) 


Figure 16.34 Arch profile for Example 3 


3 H, = 200 kN 

20 kN 

a 
41.8 kN 

b 
54.9 kN 

c 
70.5 kN 

d 

V, = 392.5 kN 

90.2 kN 

e 
115.1kN | E 


x 
case (1) force diagram (half span) 


Figure 16.35 Force diagram for dead and 
superimposed loading Example 3 


The force diagram, shown in Figure 16.35, may now be 
plotted in the same manner as for Example 2. By inspec- 
tion of the line thrust, a considerable eccentricity exists at 
approximately quarter span indicating that the profile of 
the arch is not as suitable as the circular arch analysed in the 
previous example. 


Case (2): Dead plus Partial Superimposed Loading 


Figure 16.36 shows the same arch profile with the super- 
imposed loading on only half of the span and the revised 
line of resultant thrust which, clearly, is an even more 
critical design condition than that produced from the 
case (1) loading previously calculated. 


The force diagram, shown in Figure 16.37, once again covers 
the full span owing to the asymmetrical loading. 


The calculation of V,, Va V,, Ay i, and H, follows the same 


procedure as for Example 2 and, in fact, gives identical 
values, i.e. 


V,. =372 kN V, =331 kN V, =40.5 kN 
Hy, =176.1 kN HH =1761 kN H,=176.1kN 
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point load of 40 kN 


s.l. = 16.4 kN/m (s.l. denotes super load) 


case (2) dead plus partial super load (asymmetrical) 


Figure 16.36 Load and segments for dead and partial superimposed loading Example 3 


E | 115.1 kN 


D | 90.2 kN V, = 372 kN 


C | 70.5 kN 


B | 54.9 kN 


A | 41.8 kN 


_ H, = 176.1 kN r 
40 kN 40.5 kN 
ay 


A; | 25.4 kN 


o> 


a 
B, | 38.5 kN 


Cc 
A |e V, = 331 kN 


D, | 73.8 kN 
e, x 


E, | 98.7 kN 


¥ 


case (2) force diagram (full span) 


Figure 16.37 Force diagram for dead and partial superimposed loading Example 3 


Appendix 1 Materials 


A1.0 Introduction 


The previous specifications for masonry units, ie. BS 3921 
Specification for Clay Bricks; BS 6073-1 Specification for Precast 
Concrete Masonry Units; BS 187 Specification for Clay and 
Calcium Silicate (sandlime and flintlime) Bricks; BS 6649 Spe- 
cification for Clay and Calcium Silicate Modular Bricks; have 
been replaced with BS EN 771, Part 1 Clay Masonry Units; BS 
EN 771, Part 2 Calcium Silicate Masonry Units; BS EN 771, 
Part 3 Aggregate Concrete Masonry Units (Dense and light- 
weight aggregates); BS EN 771, Part 4 Autoclaved Aeroated 
Concrete Masonry Units. 


BS EN 771 is a performance standard unlike the previous 
British Standards. It does not specify unit sizes nor does it 
provide details of unit strength classes. The unit sizes and 
strength values are to be provided by the manufacturer 
along with other properties such as type of unit, dimension 
and tolerance, configuration, gross and net density and 
tolerances, compressive strength and others. BS EN 771 
specifies the number and types of tests to be undertaken 
on units in order to produce this information. Each part of 
BS EN 771 specifies units as either Category I or Category II 
masonry units. Category I masonry units are those with a 
declared compressive strength with a probability of failure 
to reach this strength of less than 5%. Category II units are 
those which do not satisfy this criterion. 


BS EN 771 states that a manufacturer may use a classifica- 
tion system to specify the properties of masonry units, pro- 
vided that the system is based only on single properties 
included within BS EN 771 and does not constitute a barrier 
to trade. BS EN 771 does however permit details of classi- 
fication systems in current use to be given in informative 
national annexes. Annexes in BS EN 771 can be normative 
or informative, normative being part of the standard and 
therefore part of any compliant requirement while informat- 
ive annexes are provided to give guidance to professionals 
and are not part of any compliant requirement. 


A1.1 Clay Masonry Units (Clay Bricks) 


BS EN 771-1 Specification for Clay Masonry Units supersedes 
BS 3921 (Specification for Clay Bricks) which will be with- 
drawn in January 2005. This appendix is therefore based 
generally on BS EN 771-1. 


Al.1.1 Sizes 


BS EN 771-1 does not specify standard sizes for clay 
masonry units since it has been prepared to encompass all 
clay bricks and blocks available throughout Europe. 


format 225 ie 
actual 215 c/c of perpends 


=>3 


10mm i _____ format 75 
ins SSS ae es Paik 
=e ee eee | eee 
~~ IE JE actuate 

Ge ees | (ee | 


elevation on wall to show brick sizes 


frog 


65 


SS 215 


Figure A1.1 Brick dimensions 


The standard clay brick of worksize 215 mm x 102.5 mm x 
65 mm will still be available in the UK. This is the actual size 
of the brick. However, as bricks are laid in mortar, it is con- 
venient to consider the size of the brick plus its share of the 
mortar joints. This measurement is termed the coordinating 
size under BS EN 771-1. As a 10 mm joint is normal, the 
coordinating size becomes 225 mm x 112.5 mm x 75 mm, as 
illustrated in Figure A1.1. 


Although there is only one British Standard size of brick, 
some manufacturers also produce modular bricks to meet 
the needs of dimensional coordination. These sizes are given 
in BS 4729: 2004. Coordinating format sizes are as follows: 


2M 200x100 x 100mm 
200 x 100 x 75 mm 


3M 300x100 x 100 mm 
300 x 100 x 75 mm 


As bricks are made from clay, which is fired in kilns at very 
high temperatures, some variation in size is to be expected. 
Such differences are not generally significant in large areas 
of brickwork, but may be so in smaller elements. Problems 
can arise if two different suppliers are used for the opposite 
leaves of a cavity wall, in that there may be difficulties in 
tying the two leaves together. 


A1.1.2 Classification 


Low density (LD) units comprise clay masonry units witha 
gross dry density of less than or equal to 1000 kg/m? for use 
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on protected masonry. High density (HD) units comprise 
all clay masonry units for use in unprotected masonry or 
clay units with a gross dry density greater than 1000 kg/ m? 
for use in protected masonry. 


BS EN 771-1 specifies requirements and properties for each 
of the LD and HD units in terms of: 


e Dimensions and tolerances — Methods for determining 
these values which must be declared by the manufacturer. 

¢ Configuration — BS EN 771-1 shows general examples of 
LD units which tend to be perforated units. The manu- 
facturer should declare the shape of the masonry unit 
and the direction and percentage of voids. This shall also 
include the minimum thickness of shells and webs and 
the area of grip holes, where provided. 

¢ Density — The manufacturer shall declare the gross dry 
density of the units, as well as the net dry density of 
the units. 

¢ Compressive strength — The mean compressive strength 
shall be declared by the manufacturer. Compressive 
strength in BS EN 771-1 is to be provided by the manu- 
facturer with respect to the orientation of the clay masonry 
units as tested, the methods of bedding the units and 
whether any voids are fully fitted with mortar. 


Variety 


The masonry industry traditionally in the UK generally 
uses three types or varieties of clay bricks, which are: 


(a) Common: Any brick for general building work, but not 
specifically chosen for its attractive appearance. 

(b) Facing: Any brick specially made or selected for its 
appearance. 

(c) Engineering: A brick having a dense and strong semi- 
vitreous body conforming to defined absorption and 
strength limits (unlike common or facing bricks which 
only have a minimum strength requirement, and no 
particular absorption limits). 


Quality 


(a) Internal: Bricks for internal use only. Internal quality 
bricks may require protection during construction in 
winter. 

(b) Ordinary: Less durable than special quality bricks, but 
normally durable on the external face of a building 
above dpc level. 

(c) Special quality: Durable in conditions of severe exposure 
where they may be liable to be wet and frozen, e.g. 
below dpc level, retaining walls, etc. 


Type 
Six types are defined: 


(a) Solid: Having holes not exceeding 25% of the brick’s 
volume, or frogs not exceeding 20% (a frog is illustrated 
in Figure A1.1). 

(b) Perforated: Having holes in excess of 25% of the brick’s 
volume, provided the holes are less than 20 mm wide or 
500 mm? in area with up to three hand holds within the 
25% total. 


(c) Hollow: Having holes in excess of 25% and larger than 
defined in (b). 

(d) Cellular: Having holes closed at one end which exceed 
20% of the volume of the brick. 

(e) Special shapes. 

(f) Standard specials. 


Note that the classifications of variety, quality and type are 
not related. For example, a common brick could be of inter- 
nal quality or special quality, and could be of a solid type or 
cellular. Thus due to the permutations of variety, quality 
and type, plus the added variables of colour and texture, 
the range of bricks available is extremely wide. Designers 
should always take advantage of the wide choice available, 
and exercise care in selecting exactly the right brick for the 
job in hand. By far the majority of cases of unsatisfactory 
performance in use are attributable to an incorrect choice 
of brick. 


Many other terms, either traditional and/or relating to manu- 
facturing processes are still sometimes used to describe 
particular kinds of bricks. These, however, do not providea 
sufficiently accurate description for design engineering 
purposes. 


A1.1.3 Strength and Durability 


From the structural viewpoint, the main classification of a 
brick is according to its compressive strength. The strength 
must, of course, be maintained for the required design life. 
So, the durability of a brick is just as important as its com- 
pressive strength, the latter of which is not necessarily an 
index of durability. Bricks having a compressive strength of 
over 48.5 N/mm? are usually durable, but there are bricks 
approaching this value which decay rapidly if exposed to 
frost in wet conditions. Conversely, there are many weaker 
bricks which are more durable. Durability should always 
be checked with the manufacturer. 


It should also be remembered that walls are required to 
fulfil many other functions than that of providing resist- 
ance to direct compression loading and, for some of these 
purposes, the compressive strength of a particular brick is 
not necessarily the prime consideration. 


Strength 


The compressive strength of a brick relates to the char- 
acteristic strength value which may be used for design in 
accordance with BS 5628. The strength requirements for 
bricks, as set out in BS 3921, Table 4, are not reproduced in 
BS EN 771. However it is anticipated that the classifica- 
tion system can still be used in the UK (see Table A1.1 of 
this appendix). The National Annexe gives guidance on 
classification of traditional UK engineering bricks. 


Due to the effect of the mortar, there is no direct relation- 
ship between the compressive strength of a particular brick 
and the strength of a wall built with it. Obviously though, 
a wall built with bricks of high compressive strength will 
have a greater loadbearing capacity than an identical wall 
built with bricks of lower compressive strength. 
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Table A1.1 Classification of bricks for use in 
loadbearing brickwork (BS 3921, now superseded) 


Class Minimum average 
compressive strength 


(N/mm?) 


Engineering A 69.0 
B 48.5 


Loadbearing brick for 15 103.5 
brickwork designed 10 69.0 
to BS 5628 7 48.5 

5 34.5 
4 27.5 
3 20.5 
2 14.0 
1 7.0 


Durability 


Having considered the strength of bricks, and in order 
to ensure that their design strength is maintained, the ques- 
tion of durability must be considered. The main factors 
which can cause problems with bricks and brickwork are 
sulphate attack, frost attack and crystallisation of soluble 
salts. 


Clay bricks may contain sulphates derived from either the 
original clay or its reaction with the sulphur compounds 
from the fuel used in firing. Sulphates may also be present 
in mortars, soils, gypsum plasters and polluted atmospheres. 


In persistently wet conditions, sulphates react slowly with 
tricalcium aluminate — a constituent of Portland cement and 
hydraulic lime — causing it to expand, and thus bring about 
cracking or spalling of the mortar joints and, possibly, 
spalling of the bricks themselves. Sulphate attack is liable to 
occur in brickwork which remains wet for long periods, e.g. 
below dpc level, and parapets above roof level. 


Thus it is important to ensure the best possible protection 
by: (a) a correct choice of brick; (b) correct detailing prac- 
tice. Regarding the first of these provisions, maximum 
acceptable levels of sulphate content for bricks to be used in 
exposed situations are recommended in National Annexe 
to BS EN 771-1. In addition, resistance to attack can be fur- 
ther reduced by the use of fairly rich mortar mixes (see 
Tables A1.4 and A1.5). Brickwork which suffers sulphate 
attack will expand, and the provision of joints in the work 
can reduce the resulting problems. However bricks prone 
to sulphate attack should be used with caution and in par- 
ticular damp environments should be avoided. Sulphate 
attack can also occur from contact with sulphate soils and 
fills and chimneys subject to certain flue gases. Further 
information on this aspect is provided in Appendix 3. 


The resistance of a particular type of brick to frost attack is 
best measured by prolonged exposure to the conditions 
likely to be met in use. Special quality bricks as defined in 
Table A1.1, should have performed satisfactorily for three 


years under similar conditions to those occurring in use. 
A critical condition arises in situations where bricks may 
be frozen while saturated. As in the case of sulphate attack, 
sound detailing and a correct choice of brick are required. 
It is also particularly important that work in the course 
of construction should be protected, since sections not 
specifically designed for high resistance to frost may easily 
become saturated and then frozen. 


The crystallisation of soluble salts in bricks often causes 
a white deposit, known as efflorescence, to appear on the 
surface of brickwork. While not being particularly harmful 
in general, efflorescence is unsightly. Occasionally, though, 
it can lead to the decay of underfired bricks, if the salts 
crystallise out beneath the faces. 


The liability to efflorescence depends on the soluble salt 
content of the bricks (see BS 3921, and refer to manu- 
facturers’ data) and on the wetting and drying conditions. 
Again, the risks can be substantially reduced by sound 
detailing and the correct choice of brick to suit the exposure 
conditions. 


A1.1.4 Testing 


The allowance in BS 3921 of up to 25% of holes in a solid 
brick is omitted from BS EN 771-1. The manufacturer is 
only required to provide details of among others, com- 
pressive strength and percentage of voids. 


A method of testing the crushing strength of clay bricks is 
described in BS EN 772-1. 


A1.2 Calcium Silicate Units (Bricks) 


Calcium silicate (sand-lime and flint-lime) bricks should 
conform to the requirements of BS EN 771-2. Although, in 
the past, they were mainly used for non-loadbearing work, 
improvements in manufacturing techniques accompanied 
by an increase in compressive strength make them suitable 
for loadbearing masonry. 


Although possessing broadly similar functional properties 
to clay bricks, they have different movement character- 
istics, and the manufacturer’s advice should be sought on 
the spacing of movement joints (see also Appendix 3). 


As in the case of clay bricks, BS EN 771-2 is a performance 
standard unlike the previous British Standards. It does not 
specify unit sizes nor does it provide details of unit strength 
classes. The unit sizes and strength values are to be provided 
by the manufacturer along with other properties such as 
type of unit, dimension and tolerance, configuration, gross 
and net density and tolerances, compressive strength and 
others. BS EN 771 specifies the number and types of tests to 
be undertaken on units in order to produce this information. 
Each part of BS EN 771 specifies units as either Category I or 
Category II masonry units. Category I masonry units are 
those with a declared compressive strength with a prob- 
ability of failure to reach this strength of less than 5%. Cate- 
gory II units are those which do not satisfy this criterion. 


BS EN 771 states that a manufacturer may use a classifica- 
tion system to specify the properties of masonry units, 
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provided that the system is based only on single pro- 
perties included within BS EN 771 and does not constitute a 
barrier to trade. BS EN 771 does however permit details 
of classification systems in current use to be given in 
informative national annexes. Annexes in BS EN 771 can 
be normative or informative, normative being part of 
the standard and therefore part of any compliant require- 
ment, while informative annexes are provided to give 
guidance to professionals and are not part of any compliant 
requirement. 


A1.3 Concrete Bricks 


Concrete bricks are now included under BS EN 771-3 for 
concrete units. 


A1.4 Stone Units (Stonework) 


Stone masonry should comply with the requirements of BS 
EN 771, Parts 5 and 6, maufactured and natural stone units 
respectively. Because of its high initial cost and the expense 
of skilled labour, stonework is rarely used structurally in 
industrialised countries, except in conservation areas, and 
is mainly restricted to facing veneers on prestige buildings. 
However, it could still be an economical proposition in 
developing countries with adequate indigenous supplies 
of good stone and experienced masons. 


A1.5 Concrete Units (Blocks and Bricks) 


Concrete bricks and blocks are produced in a great variety 
of sizes, and are generally described in BS 2028, BS 1364, 
and BS 1180. BS EN 771-3 makes no differentiation be- 
tween bricks and blocks but includes all concrete masonry 
elements under this one specification. 


A1.5.1 Sizes 


Sizes are not specified in BS EN 771-3. However the 
National Annexe provides typical coordinating sizes and 
work sizes. The work size is the size of the block itself. The 
‘concrete block’ sizes specified in BS 2028 and BS 1364 are 
provided in Table A1.2, but please note that although the 
previous classification, i.e. Types A—C have been included, 
classification is not included in BS EN 771-3 and cannot be 
specified as this could constitute a barrier to trade. 


It can be seen that there is a very wide and confusing variety 
of standard block sizes. Not altogether surprisingly, the 
current trend is for manufacturers to reduce their range of 
standard sizes — the blocks at the larger end of the scale 
tending to be discarded. 


Ideally, the sizes should be such as to facilitate ease of 
handling, with regard to health and safety, e.g. issues of 
manual lifting. The larger solid blocks can and do exceed 
the maximum manual lifting weight of 20 kg. In addition, 
the thicker blocks tend to be difficult to grasp, unless pro- 
vided with special hand grips. On the other hand, however, 
the economics of manufacturing require the largest pos- 
sible units to be produced by the blockmaking machines. 
Thus the actual sizes of the blocks tend to be a compromise 
between these conflicting requirements. 


Table A1.2_ Range of concrete block sizes (previously 
BS 2028 and BS 1364, and generally conforming to 
National Annexe to BS EN 771-3) 


Block Length and height (mm) Thickness (mm) 
Co-ordinating size Work size Work size 
Type A 400 x 100 390 x 90 75, 90, 100 
400 x 200 390 x 190 140 and 190 
450 x 225 440 x 215 75, 90, 100, 140 
190 and 215 
Type B 400 x 100 390 x 90 75, 90, 100 
400 x 200 390 x 190 140 and 190 
450 x 200 440 x 190 75, 90, 100, 140 
450 x 225 440 x 215 190 and 215 
450 x 300 440 x 290 
600 x 200 590 x 190 
600 x 225 590 x 215 
Type C 400 x 200 390 x 190 60 and 75 
450 x 200 440 x 190 
450 x 250 440 x 215 
450 x 300 440 x 290 
600 x 200 590 x 190 
600 x 225 590 x 215 


While it is slower to lay blocks than bricks, since they are 
larger than bricks, the rate of walling production is not 
necessarily adversely affected. 


A1.5.2 Classification 


BS EN 771-3 gives more of a performance specification for 
concrete units, rather than detailed descriptions of their 
manufacture. Thus virtually any suitable materials may be 
used, provided the blocks meet the specifications. 


A1.5.3 Density 


The three types, A, B and C, previously stated in British 
Standards have now been omitted from BS EN 771-3 which 
only requires the manufacturer to specify the gross and net 
density of each particular unit. 


A1.5.4 Form 


BS EN 771-3 does not differentiate between solid, hollow or 
cellular units. The manufacturer only needs to specify these 
properties for each particular unit. 


A1.5.5 Strength 


The strength of concrete units is determined by compress- 
ive testing — the method being described in BS EN 772-1. 
The specified compressive strengths for Types A and B are 
provided in Table A1.3, although it must be stated that this 
is for comparison only as Types A and B cannot be specified 
under BS EN 771-3. 


A1.5.6 Durability 


As with brickwork, one of the main requirements to en- 
sure durability is correct construction detailing. Correctly 
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Table A1.3 Compressive strengths of concrete blocks 
Type A and Type B 


Minimum compressive strength 


Block type and Average of ten Lowest individual 


designation blocks (N/mm2) block (N/mmz2) 
A(3.5) 3.5 2.8 

A(7) 7.0 5.6 

A(10.5) 10.5 8.4 

A(14) 14.0 11.2 

A(21) 21.0 16.8 

A(28) 28.0 22.4 

A(35) 35.0 28.0 

B(2.8) 2.8 2.25 

B(7) 7.0 5.6 


detailed blockwork is generally durable, whatever the type 
of block. 


The durability of concrete blocks is comparable to that 
of good concrete. If suitable joints are provided to cope 
with thermal and moisture movements, as described in 
Appendix 3, serious deterioration is unlikely. 


The appearance of blockwork, particularly if open-textured 
blocks are used, can be marred by the effects of pollution. 
A problem of algae growth on the face of blockwork, dur- 
ing construction, has been encountered by the authors, but 
such effects are unlikely to affect the strength of blockwork. 


A1.6 Mortars 


The role of the mortar between the bricks or blocks used in 
a structural element is very important and complex. There 
are requirements to be met by the mortar, both in the 
freshly made and hardened states. During construction, it 
must be easily workable — it must be spread easily and 
remain plastic long enough to enable lining and levelling of 
the units. It must also retain water, so that it does not dry 
out and stiffen too quickly with absorbent units. It must 
then harden in a reasonable time to prevent squeezing out 
under the weight of the units laid above. On completion of 
the day’s work, the mortar must have gained sufficient 
strength to resist frost. 


When hardened, in the finished structure, the mortar must 
transfer the compressive, tensile and shear stresses between 
adjacent units, and it must be sufficiently durable to continue 
to do so. However, while adequate strength is essential, 
only the weakest mortar consistent with the strength and 
durability of the bricks or blocks should be used. When a 
suitably matched mortar is used, any cracking from ther- 
mal or other movements will occur at the joints. Cracks in 
the mortar tend to be smaller and easier to repair than cracks 
in the masonry units. In any case, the use of a stronger 
mortar does not necessarily produce a stronger structural 
element, because mortar strength is not directly related to 
the strength of the masonry built with that mortar. 


For any particular strength of unit, there is an optimum 
mortar strength, and a stronger mortar will not increase 


the strength of the brickwork or blockwork. Particular 
care is needed when choosing a mortar for use with the 
lower strength blocks to ensure that it is of sufficiently 
low strength to confine any cracking to the joints. On the 
other hand, richer mortars, which develop strength quickly 
enough to resist frost, are obviously to be preferred for 
winter working in that, if a lean mortar is specified, addi- 
tional precautions will be required. 


Masonry should be laid on a full bed of mortar and, if bed 
joints are raked out for pointing, allowance must be made 
in the design for the decreased width as well as the result- 
ing loss of strength. 


A1.6.1 Constituents 


Mortars generally consist of sand and water in combination 
with one or more of the following: 


(a) lime 

(b) Portland cement 

(c) sulphate-resisting Portland cement 
(d) masonry cement 

(e) high alumina cement 

(f) plasticisers or other additives 

(g) pigments. 


Portland cement, in one or other of its several forms, is the 
principal binding agent in mortars. It is used because of 
its comparatively rapid strength gain and quick setting 
rate. Very high strengths are obtainable from cement : sand 
mortars, e.g. 1 : 3 cement : sand, but these are not generally 
required except for very exposed conditions, such as below 
dpc level or in retaining walls. 


Lime is normally added to mortars to improve their work- 
ability and bonding properties, although this does result 
in some loss of strength. Probably the most commonly used 
mix is a 1: 1:6 cement: lime: sand, which is suitable for 
most applications. 


As an alternative to lime, plasticisers, which entrain air into 
the mortar, are often used to improve workability. Lime 
requires special handling, and the use of plasticisers can 
show economies in labour and material costs. Among other 
things, the entrainment of air is also claimed to improve 
frost resistance. However, the entrainment of air bubbles 
inevitably reduces the strength of the mortar. This can be a 
difficult problem to control on site, in that plasticisers are 
often added by the masons themselves, somewhat indis- 
criminately. For this reason, and others such as the effects 
on wall ties, reinforcement, and the long-term weakening 
of the mortar, care should be taken to obtain up-to-date 
and reliable information before considering the use of any 
plasticiser or similar additive. 


Note that frost inhibitors based on calcium chloride, or cal- 
cium chloride itself, should never be used, since these cause 
long-term weakening of the mortar and excessive corrosion 
of wall ties and reinforcement. 


Masonry cement consists of Portland cement with the 
addition of a very fine mineral filler and an air-entraining 
agent. Masonry cement should be used with caution. The 


312 Structural Masonry Designers’ Manual 


Table A1.4 Mortar mixes (proportions by volume) 


Mortar Type of mortar Mean compressive 
designation (proportion by volume) strength at 28 days 
(N/mm?) 
Cement : Masonry Cement : sand Preliminary Site tests 
lime : sand cement:sand with plasticiser | (lab) tests 
Increasing Increasing ability 
strength to accommodate 
movement, e.g. (i) 1:0to'/a:3 = = 16.0 11.0 
due to settlement, | (ii) 1:12: 4to 4/2 1:2'to3/2 1:3to4 6.5 4.5 
temperature and (iii) 1:1:5to6 1:4to5 1:5to6 3.6 2.5 
moisture changes | (iv) 1:2:8to9 1:5'pto6'/2 1:7to8 1.5 1.0 
Increasing resistance to frost attack 
during construction 
> 
Improvement in bond and consequent 
resistance to rain penetration 
<t 


Note: Direction of change in properties is shown by the arrows 


presence of the mineral filler reduces strength, and the 
comments above on the use of plasticisers also apply. 


High alumina cement should not be used. 


A.1.6.2 Choice of Mortar 


Tables Al.4 and A1.5, reproduced from BRE Digest 160, 
give guidance on the selection of particular mortars for 
various applications. To avoid any confusion on site, the 
number of different mixes to be used on any one project 
should be kept to a minimum. It is also worth noting that 
the extra cost of making a good mortar is an insignificant 
proportion of the total cost of a wall. There is little point — 
indeed it is a false economy — in trying to produce a cheap 
inferior mortar. 


A1.6.3 Proportioning and Mixing 


Mortar is usually mixed on site in small batches, and strict 
control must be kept on the quality. Positive measures 
should be taken to ensure that only the specified materials 
are used and are mixed in the correct proportions. Where 
large areas of structural masonry are being constructed, 
weigh batching should be employed. 


Allowance must be made for the increase in volume and 
weight of the sand when it is damp — whatever method is 
used for gauging the proportions of the mix. On large con- 
tracts, consideration should be given to the production of 
several trial mixes so as to ensure the quality of the mortar. 


If weigh batching is not justified by the quantity of the work, 
gauge boxes should be used. These should be filled level to 
the top in order to provide the correct mix proportions. 


Lime and sand, termed the ‘coarse stuff’, may be obtained 
ready mixed for delivery to the site. However, as mixing is 


done off the site, some degree of control is lost. The use of 
coarse stuff is preferable to mixing cement, lime and sand 
dry, because the bulking of the sand can be allowed for, and 
the lime becomes more plastic when soaked overnight. The 
previous standard BS 4721 Specification for Ready Mixed Lime : 
Sand Mortar, gave mix proportions for use when batching by 
volume was employed. This has now been replaced by BS 
EN 998-2, which, as all other BS EN specifications, is not pre- 
scriptive and does not include prescribed mixes. However 
BS EN 998-2 specifies mortar strengths in classes M1, M2.5, 
M5, M10, M15, and M20, where the compressive strength 
of each is 1, 2.5, 5, 10, 15, and 20 N/mm? respectively. 
Table A1.4 is reproduced from BS 4721 for guidance and 
comparison only. 


Where a range of sand contents is given, the larger quantity 
should be used for sand that is well graded and the smaller 
for coarse or uniformly fine sand. 


Because damp sands bulk, the volume of damp sand used 
may need to be increased. For cement : lime : sand mixes, 
the error due to bulking is reduced if the mortar is prepared 
from lime: sand coarse stuff and cement in appropriate 
proportions; in these mixes ‘lime’ refers to non-hydraulic or 
semi-hydraulic lime and the proportions given are for lime 
putty. If hydrated lime is batched dry, the volume may be 
increased by up to 50% to get adequate workability. 


A1.6.4 Testing 


As noted earlier, the properties of freshly mixed and hard- 
ened mortar are both very important in ensuring that the 
design requirements are met. Various testing methods are 
dealt with in the various parts of BS EN 1015. Samples of 
the mortar are taken on site and prisms or cubes are pre- 
pared, similar to those taken for the testing of concrete. 
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Table A1.5 Selection of mortar groups 


Type of brick 

Clay Concrete and calcium silicate 
Early frost hazard? No Yes No Yes 
Internal walls (v) (iii) or (iv)? (v)¢ (iii) or plast (iv)® 
Inner leaf cavity walls (v) (iii) or (iv)? (v) (iii) or plast (iv)? 
Backing to external solid walls (iv) (iii) or (iv)? (v) (iii) or plast (iv)® 
External walls; outer leaf of cavity walls: 
— above damp proof course (iv)? (iii)? (iv) (iii) 
— below damp proof course (iii)® (iii)2* (iii)® (iii)® 
Parapet walls; domestic chimneys: 
— rendered (iii)*9 (iii)*9 (iv) (iii) 
— not rendered (ii)? or (iii) (i) (iii) (iii) 
External free-standing walls (iii) (iii)? (iii) (iii) 
Cills; copings (i) (i) (ii) (ii) 
Earth-retaining (back filled with free draining material) (i) (i) (ii)® (ii)® 


? During construction, before mortar has hardened (say 7 days after laying) or before the wall is completed and protected against 


the entry of rain at the top 


6 \f the bricks are to be laid wet, a plasticiser may improve frost resistance (see also section A1.6.1) 


“If not plastered use group (iv) 


4 |f to be rendered, use group (iii) mortar made with sulphate-resisting cement 
° If sulphates are present in the groundwater, use sulphate-resisting cement 
* Parapet walls of clay units should not be rendered on both sides; if this is unavoidable, select mortar as though not rendered 


9 Use sulphate-resisting cement 


4 With special quality bricks, or with bricks that contain appreciable quantities of soluble sulphates 


Six 100 mm x 25 mm x 25 mm prisms or six 75 mm or 
100 mm cubes should be prepared on site for every 150 m? of 
wall, using any one designation of mortar, or for every 
storey of the building, whichever is the more frequent. 
Specimens should be stored and tested in accordance with 
BS 4551. 


Half of the site samples should be tested at 7 days. The aver- 
age strength should exceed two thirds of the appropriate 
28-day strength given in Table 5.3. 


When the site samples are tested at the age of 28 days, the 
mortar will be deemed to pass if the average of the six 
values obtained from three 100 mm x 25 mm x 25 mm 
prisms or the average of the values obtained from three 
cubes exceeds the appropriate site values given in Table 5.3. 


The results are then compared with the values specified 
for the work, in order to determine whether the mortar is 
acceptable. 


Chemical analysis of mortar can be made, and is useful for 
the following purposes: 


(1) Assessment of the efficiency of mixing and the accuracy 
of batching on sites, in mixing plants and laboratories. 

(2) Analysis of recently placed mortar for assessment of 
compliance with specification requirements, and the 
investigation of failures. 

(3) Analysis of old mortars for the investigation of failures 
and, in the case of very old mortars, for assessing their 
type and chemical composition. 


Chemical analysis may thus be used to provide a further 
check if compressive testing of cubes is producing low 
results. It should be remembered, however, that all such 
testing methods have limitations, especially when applied 
to a material of the nature of mortar. Test results should 
only be used as a guide, and not as a final judgement, 
depending, of course, on the size and nature of the work 
involved. 


Appendix 2 Components 


In determining the suitability of any structural compon- 
ents, it is first essential to consider the purpose for which 
they are to be used, the practicality of construction, the 
control over workmanship, and the life expectancy of 
the material in relation to the life requirements of the 
structure. In loadbearing masonry, there are a number of 
components, and care should be exercised in their choice 
and specification. 


A2.1 Wall Ties 


Wall ties are used mainly to tie together unbonded leaves of 
masonry, and there are a number of different types and 
qualities. In cases where the component is required to tie 
the leaves across the cavity, and to provided some inter- 
action between them, a traditional vertical twist tie is most 
suitable. However the fishtail ends of these ties produce a 
risk of cuts on site and should not be specified. The manu- 
facturers have produced a range of alternative safety ties, 
although it should be noted that these are generally less 
robust than the traditional vertical twist tie. In locations 
where differential movements are to be expected between 
the leaves, and little interaction is required, a more flexible 
type of tie is desirable. 


In special circumstances, where high shear resistance is 
required across the tied joint, purpose-designed shear ties 
may be necessary. 


In all cases, durability in relation to the severity of the cor- 
rosive environment is an important factor that merits close 
attention. As far as possible, the environment should be 
controlled, and thought should be given to the corrosive 
effects of building materials — particularly calcium chloride 
(see Appendix 1, A1.6.1) and certain colouring agents, the 
use of which should be avoided wherever possible. 


In some locations, such as junctions where restraint is 
required but an unbonded joint is desirable, tie bars or 
standard bed joint reinforcement can be used to provide the 
necessary tie action. In external walls, or where required by 
Building Regulations, stainless steel or suitable non-ferrous 
ties should be used. 


> DX) 


butterfly tie double triangular tie 


Figure A2.1__ British Standard types of wall ties 


Standard wall ties should conform to the requirements of 
BSEN 845, Part 1,and maximum centres for spacing should 
be in accordance with BS 5628, or a lesser figure to suit 
the design conditions. Minimum embedment should also 
comply with BS 5628. Examples of various ties are shown in 
Figure A2.1. The authors recommend that butterfly ties are 
only used in minor structures. 


A2.2 Damp Proof Courses 


The purpose of damp proof courses is to form a barrier 
to cut off the movement of dampness from an external 
source to the building fabric. But, through necessity, they 
sometimes have to be located where structural forces must 
also be transferred, and care is needed to ensure that the 
chosen membrane can transfer these forces. Two common 
examples are: 


(a) horizontal dpc to prevent vertical movement of mois- 
ture, located in a position where high compression, 
shear and bending stresses are to be resisted; 

(b) vertical dpc to prevent horizontal movement of mois- 
ture from outer to inner leaves of brickwork, located in 
a position where vertical shear forces are to be resisted. 


Thus a dpc must not squeeze out under vertical loading, 
nor slide under the horizontal loading. 


Damp proof courses can be made from a wide variety of 
materials such as bitumen felt, metals, slate, plastic, brick, 
etc., and the choice must be based on the required perform- 
ance related to the material’s proven performance. Bitumen 
felt type dpcs, for example, are usually the least expensive 
but suffer from poor resistance to compressive forces and 
can, therefore, squeeze out under load. They can also be 
damaged by careless workmanship. On the other hand, the 
flexibility of felt or plastic dpcs can be of great importance 
where movements such as mining settlement, etc., are to be 
expected. A brick dpc can be very advantageous in provid- 
ing resistance to tensile stresses at a critical cross-section, 
a property which few other membranes can provide. 
Brick dpcs are formed by specially selected engineering 
bricks (see Appendix 1, A1.1.2) built in a number of bonded 
courses to provide an impermeable barrier. These are gen- 
erally less effective at resisting the movement of moisture 
compared to the membrane alternatives. Some typical 
horizontal dpcs are shown in Figure A2.2. 


A2.3 Fixings 


Components for providing fixings in brickwork are numer- 
ous, and the designer should be prudent when selecting 
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felt or other 
membrane dpc 


Figure A2.2 Some typical alternative damp proof courses 


from manufacturers’ catalogues. They can be very expens- 
ive, and the designer should carefully consider the type, 
sizes and costs of the various products available before 
specifying. Samples of fixings should be available in the 
design office for inspection, since, often, a component that 
appears in a catalogue to be a lightweight and economical 
fixing can be very disappointing in reality. In other cases, 
the designer may become aware of a weakness in the fixing, 
or see a practical construction problem related to the 
proposed use. 


The forces to be taken on fixings must be considered since, 
if the masonry in the area around the fixing is weaker than 
that of the fixing itself, local failure of the masonry could 
occur. Particular care is needed for connections on the 
upper course of lightly loaded walls, and in locations where 
uplift forces are being resisted. Wherever possible, fixings 
should be located under similar conditions to that of the 
test specimen on which the manufacturer’s performance 
data are based, otherwise additional testing or allowance 
for the differences will be made. 


As with other components, the durability of fixings must be 
considered in the light of the expected environment. The 
choice of fixing materials must be compatible with other 
materials in the locality if problems such as electrolytic 
action, etc., are to be avoided. 


shear failure 
wall ties 


distort i di 
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Figure A2.3_ Effects of bonding masonry on lateral loading 


bonded slate dpc 
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three courses of 
engineering brick 


A2.4 Brick Bonds 


Although the bonding of masonry units is a technique 
rather than a component, it was nevertheless felt appropri- 
ate to discuss it in this appendix. 


For loadbearing walls, properly bonded masonry is essen- 
tial. For single-leaf masonry, and ordinary cavity walling, 
stretcher bond is the only choice available without the use 
of snap headers. This can create engineering problems if 
not taken into account at an early stage in the design (see 
Figure A2.3). 


With thicker, solid walls, there appears to be little differ- 
ence in the structural performance of the various standard 
bonds that have been used for many years. For walls of 
double leaf thickness and over, English bond is, perhaps, 
ideal. On the other hand, Flemish and its derivative English 
garden wall bond appear to give a similar structural perform- 
ance under normal loading conditions and are, therefore, 
usually acceptable (see Figure A2.4). 


Stretcher bonds on walls of double-leaf thickness or over 
require special consideration, and may necessitate the use 
of special shear ties. 


There has been a move in recent years to construct walls 
with stack bonded masonry. This needs special considera- 
tion in order to replace the resulting loss of shear resistance 
caused by continuous perpend joints. 


<— we 
bonded wall stretcher bond 
acts as full with suitable 
section shear ties acts 


as full section 
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stretcher bond (single leaf only) 


Figure A2.4 Some standard bonds 


Appendix 3 Movement Joints 


All materials move, and the designer must take account of 
the movements and make due allowance for them. Like 
other materials, the movement of masonry is caused by 
variations in the environmental conditions such as thermal 
changes, changes in moisture content, changes in loading 
conditions, chemical changes, foundation settlement, frost 
action, etc. (see Figure A3.1). 


The causes of movement may operate singly, or in combina- 
tion to supplement or oppose one another, and it is often 
very difficult to forecast precisely the movement that will 
occur in a particular situation. Nevertheless, the designer 
must try to anticipate the type and magnitude of move- 
ments, and the effect they are likely to have on the building. 


If the movements act upon elements unable to contain the 
forces resulting from the movements, cracking is likely to 
occur. Where materials with different movement character- 
istics are bonded together, cracking is again likely to occur. 
Wherever possible, movement should be allowed to occur 
with minimum resistance, and carefully detailed move- 
ment joints should be provided to ensure that: 


(a) the structural stability and performance of the jointed 
building is adequate, 

(b) damage to the building and its finishes is kept within 
tolerable limits. 


With all building materials, it is almost inevitable that some 
damage will occur, since the requirement to allow for 
movement frequently clashes with other needs — structural 
and non-structural — of the building. A compromise of care- 
fully considered joints which control the damage within 
acceptable limits should be the designer’s aim. 


Where care is not taken, cracks and/or bulging may occur. 
In some situations, this can result in instability and become 
dangerous. In others it may be unsightly, and in some cases 
the condition deteriorates from the ingress of moisture into 
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Figure A3.1_ Environmental conditions 


cracks and/or from the loosening of wall ties. Some typical 
failure conditions are shown in Figures A3.2 and A3.3. 


Restraints which aggravate cracking may arise from the 
wall being fixed to, or built tightly around, some rigid 
unyielding feature at its ends; from some fixture to the 
wall; or where the wall incorporates materials of dissimilar 
properties. Cracking is most likely to occur at weakened 
sections, where the vertical or horizontal section of the wall 
changes abruptly (see Figure A3.4). 


Correctly located and detailed control joints, taking into 
account restraints, the movement characteristics of the 
masonry, and any differential movements with other mater- 
ials, will help to mitigate the detrimental effects of move- 
ment. Assessment of the likely locations of cracking needs 
particular care, in that a badly located joint might still allow 
critical cracking to occur at a more susceptible position. 
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Figure A3.3 Masonry contraction 
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Figure A3.4 Restraint to masonry movement 


A3.1 Movement due to Thermal Expansion 
and Contraction 


The major problems caused by thermal expansion and con- 
struction of masonry occur on long walls which are sub- 
jected to large variations in temperature, such as external 
walls exposed to sun and frost, walls around boilerhouses 
or refrigeration plants, etc. In the case of internal walls 
subjected to a reasonably constant temperature, there are a 
few problems, even on long walls, unless they are connected 
to other materials which are moving differentially, e.g. 
shrinking of blockwork at the time the expansion of the 
brickwork is occurring. 


Particular care should be taken in the design of thin walls 
exposed directly to the sun, where surface wall temper- 
atures may rise to 50°C (120°F). Such temperatures can give 
rise to bending as well as expansion of the wall, due to the 
thermal gradient through the wall thickness. 


Extract from BS 5628, Part 3, 2001, Appendix B 


The theoretical free movement due to thermal effects, 
which is reversible, is equal to the temperature range 
multiplied by the appropriate coefficient of linear 
thermal expansion (see figure B1). However, the 
movement that actually occurs within a wall after 
construction depends not only on the range of the 
temperature but also on the initial temperature of the 
masonry units when laid. This will vary according to 
the time of year and the exact conditions during the 
construction period, and, in some cases, how soon 
after manufacture the masonry units are used, 
i.e. when they come straight from the kiln or curing 
chamber. Thus, in order to determine the potential 
free movement that could occur in a wall, some estim- 
ate of the initial temperature and the likely range of 
temperature should be made. 


This potential free movement then needs to be 
modified to allow for the effect of restraints. 


Table A3.1 Linear thermal movement of masonry units 
and mortar (BS 5628, Part 3, 2001, Appendix B4, Table B1) 


Coefficient of linear thermal 
expansion (°C) 


Material 


4to8x10~° 

7 to 14x 10-6 
11 to 15x 10-6 
11 to 13x 10~° 


Fired-clay masonry units? 
Concrete masonry units? 
Calcium silicate masonry units 
Mortars 


* Thermal movement of fired-clay masonry units depends on 
the type of clay 

’ Thermal movement of concrete masonry units depends on 
the type of material and the mix proportions 


Table B1 indicates typical ranges for coefficients of 
linear thermal expansion. Some estimate of the actual 
value for the particular material being used should 
be made. In many instances, this information can be 
obtained from manufacturers. (See Table A3.1.) 


The longitude coefficient of thermal movement of 
masonry may be taken to be the same as that of the 
constituent masonry units. 


Expansions in the vertical direction may be deter- 
mined by summing the values obtained by multi- 
plying the dimensions of the masonry units and the 
mortar by the respective coefficients of linear thermal 
expansion. It should be borne in mind that the magni- 
tude of movement in the horizontal and vertical 
directions will differ where the coefficients for the 
mortar and masonry units are not the same and when 
the masonry units’ height and length are unequal. 


The unrestrained thermal movement of a wall may be estim- 
ated very approximately from the likely change in mean 
wall temperature and the coefficient of thermal expansion, 
which is often taken as 5 x 10~® per °C for fired-clay brick- 
work ina horizontal direction, and may be up to one-and-a- 
half times this value for clay brickwork vertically, and for 
calcium silicate brickwork and concrete blockwork. 


Thermal movements vertically in walls are generally rever- 
sible. However, horizontal movements are unlikely to be 
completely reversible since some form of restraint, par- 
ticularly near the bottom of the wall, does tend to prevent 
the masonry from returning to its original length. 


A3.2 Movement due to Moisture 


A3.2.1 Fired Clay Units 


Clay bricks expand and contract with increases or decreases 
in moisture content, and these movements are normally 
negligible. However, superimposed over these changes, 
there is a permanent moisture expansion which depends on 
the type of clay and the degree of firing. The rate of this per- 
manent expansion decreases with time. It starts to occur 
during cooling in the kiln and, in many cases, up to 50% of 
the first two years expansion takes place during the first 
two days (see Table A3.2). 
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Table A3.2 Moisture expansion of fired-clay brickwork 


Expansion at constant temperature (%) 


Walls built of bricks Total after Rate per 10 days Total after Rate per 10 days 
made from 15 days after 15 days? 300 days after 300 days? 
Glacial clay 0.015 0.0026 0.039 0.0004 

Coal measure shale 0.014 0.0027 0.050 0.0008 


? Covering the 5-day period either side of the 15- and 300-day period 


Table A3.3 Expansions of fired-clay units resulting from changes in moisture content 


Clay from which 
units were made 


Irreversible expansion? (% calculated on original dry length) 
for bricks fired to average works temperature 


Wetting movement? (%) 


From kiln hot to 2 days 


Lower Oxford 0.03 
London stock 0.05 
London clay 0.02 
Keuper marl 0.03 
Weald clay 0.08 
Carboniferous shale 0.04 
Devonian shale 0.03 
Gault 0.02 


From 3 days to 128 days Generally less than 0.02 
0.03 unless under-fired 

0.02 

0.03 

0.03 

0.04 

0.07 

0.05 

0.01 


? The expansions quoted have been obtained from measurements made on unrestrained specimens. The bricks were removed from 
the furnace at 200°C, cooled in a desiccator and measured immediately they were cold 
» Measured by the method that was described in BS 1257 Methods of Testing Clay Building Bricks (now withdrawn and replaced by 


BS EN 772) 


The solution is to avoid using kiln-fresh bricks, and bricks 
manufactured from clays with an unusually high moisture 
movement, in critical locations (see Table A3.3). 


A3.2.2 Concrete and Calcium Silicate Units 


While fired-clay units expand after manufacture due to the 
increase in moisture content, concrete and calcium silicate 
units dry out and shrink (see Tables A3.4 and A3.5). If wet- 
ted, the units will expand again — but only part of the initial 
drying shrinkage is reversible. In addition, non autoclaved 


Table A3.4 Moisture movement of concrete and 
calcium silicate masonry units (BS 5628, Part 3, 2001, 
Appendix B5, Table B2) 


Material and type of 
masonry unit: 


Shrinkage (as % of 
original dry length) 


Autoclaved aerated concrete 0.04 to 0.09 
masonry units 

Other concrete masonry units 0.02 to 0.06 

Calcium silicate bricks 0.01 to 0.04 


Note: These figures were obtained from tests carried out as 
described in BS 1881; Part 5. Note that these tests are 
now carried out in accordance with BS EN 772 


units are subject to a slow non-reversible carbonation 
shrinkage, and should be stored for at least 4 weeks at 
normal temperature (longer in cold weather), and exposed 
to the wind but protected from rain prior to use. Autoclaved 
concrete and calcium silicate products need only a suffi- 
cient storage period to allow them to cool, but they should 
be kept dry prior to and during construction — which can, at 
times, be very difficult. For units in locations where large 
variations in temperature and humidity are to be expected, 
special precautions are necessary. For example, for short- 
term variations, the use of plaster or render on both sides of 
the units can considerably reduce the effects. Reference to 
CP 211 and CP 221 is recommended for further informa- 
tion. It must be emphasised that the drying shrinkage of 
calcium silicate and concrete units can be a major problem, 
and requires particular care in design and construction. 


Table A3.5 Shrinkage of mortars due to change in 
moisture content (BS 5628, Part 3, 2001, Appendix B5, 
Table B3) 


Stage Shrinkage (%) 
Initial drying 0.04 to 0.10 
Subsequent reversible movement 0.03 to 0.06 
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Figure A3.5 Sulphate attack example 


A3.3 Movement due to Chemical Interaction 
of Materials (Sulphate Attack) 


The causes and effects of sulphate attack were outlined in 
Appendix 1, section A1.1.3. One of the most damaging 
effects is expansion of the mortar. This can cause deforma- 
tion of the masonry — a common example being domestic 
chimneys (see Figure A3.5). 


In some cases, the condition can become dangerous. How- 
ever, careful detailing and choice of materials in line with 
the recommendations of this appendix can prevent that 
situation arising. For example, for the chimney shown, the 
use of bricks with a low sulphate content, and a sulphate- 
resisting cement : sand mortar, plus the addition of a flue 
liner in the chimney would probably have prevented the 
occurrence. 


A3.4 Differential Movement with Dissimilar 
Materials and Members 


Where a wall has a concrete roof, floors or beams spanning 
onto it, consideration must be given to the potential effects 
of shrinkage and/or expansion of concrete. For example, a 
large concrete roof on a loadbearing clay brick structure 
will be subjected to drying shrinkage for the first few years 
of its life, together with some expansion and contraction 
due to the varying temperature range to which it will be 
exposed. At the same time, the clay bricks below will be 
subjected to moisture expansion and thermal effects. At 
certain times, therefore, the materials could be attempting 
to move in opposite directions and, unless precautions are 
taken, unsightly cracking will result (see Figure A3.6). To 
reduce the effect of this movement, certain details can be 
incorporated in the construction (see Figure A3.7). 


At the end of a long run of beams seated on piers, there is 
a danger of vertical cracking in the piers, due to shrinkage 
of the concrete beams (see Figure A3.8). In those loca- 
tions, a suitable padstone should be used, and a slip plane 
provided between the pad and the beam seating (see 
Figure A3.8). 


With long runs of masonry built of concrete nibs, there is a 
danger of unsightly cracking, particularly at changes in 
direction and/or the end of runs — see the elevation in 
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Figure A3.6 Movement of dissimilar materials 
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Figure A3.8 (a) Shrinkage of concrete beam, 
(b) provision of slip plane 


Figure A3.9. The detail should incorporate a slip plane 
between the nib seating and the first brick course, for ex- 
ample, a dpc membrane (see section in Figure A3.9). The 
masonry should also be jointed vertically, in accordance 
with the recommendations of this appendix, to reduce the 
amount of differential movement to an acceptable level. 


Where a wall is built on a floor which may deflect 
significantly under load, the wall should be separated from 
the floor, including any screed, by a separating layer, and 
should be strong enough to span between the points of least 
deflection. This applies in particular to concrete block walls 
supported on concrete floors and beams, where relatively 
small deflections of the supporting members will result in 
the wall arching and cracking (see Figure A3.10). 


It is not only when other members come into contact with 
masonry that differential movement occurs. 
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Figure A3.9 Slip plane in long runs of masonry 


For example, consider a cavity wall with concrete bricks 
for the internal leaf and clay bricks for the outer leaf (see 
Figure A3.11). The outer leaf will expand due to moisture 
movement and temperature changes, while the inner leaf 
will contract due to drying shrinkage and load strain. The 
changes in length will need to be considered since, in multi- 
storey work the build-up of vertical movement could cause 
buckling of the outer leaf and/or loosening of the wall ties. 
Joints should be incorporated to accommodate this move- 
ment, for example, by the introduction of a compression 
joint below a support slab at alternate or every third floor 
within the building (see Figure A3.11), the joint location 
and thickness being designed to absorb the anticipated 
movement without damage. If necessary, brick slip tiles can 
be adhered to the face of the concrete slab to achieve a 
continuous ceramic finish. 


A3.5 Foundation Settlement 


For foundations where differential settlement is within rea- 
sonable limits, and where the correct mortar mixes are used 
(see section A3.8), masonry structures are generally flexible 
enough to accommodate the movement without any detri- 
mental effects. In locations where more severe settlements 
are likely, such as mining areas, large buildings should be 
jointed into smaller independent units where large strains 
and bending moments can be kept under control. For ex- 
ample, in areas of future mine workings, the smaller the 
unit the more economical the design of the foundations. On 
the other hand, the cost of providing the joints in the super- 
structure, and the problems of providing stability, will 
increase in proportion to the number of joints. It is import- 
ant, therefore, to reach a reasonable compromise which, in 
mining areas, would generally be to limit the length of a 
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unit to 20 m. Provided that the foundations and joints (see 
section A3.6) are then designed for the particular site condi- 
tions, in accordance with good practice, problems should 
not occur. 
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A3.6 Movement of Joints and 
Accommodation of Movement 


In sections A3.1 to A3.5, movements due to changes in 
temperature, changes in moisture content, chemical inter- 
action, dissimilar materials in contact with each other and 
foundation settlements have been discussed. In some cases, 
the solutions to the problems have also been considered. 
But the location and type of joint, which should be used, 
have not. The reason for this seeming omission is that while 
the causes of the various movements are different, there is, 
on most buildings, a need to accommodate a number of dif- 
fering forms of movement. These movements may occur at 
different times, or at the same time; they may be additive, 
or they may cancel each other out. Joints designed for 
one form of movement may accommodate another. On 
the other hand, they may aggravate the problems in the 
building. The design of joints should, therefore, be based on 
assessment of all the movements likely in the particular 
building, and all the requirements that may be aggravated 
by the inclusion of joints. 


This is probably best clarified by considering an example. A 
long block of four-storey flats is to be constructed in a min- 
ing area, mined by modern, deep, long-wall techniques. 
The flats are to be built in loadbearing brickwork. Clay 
bricks are to be used for the outer leaf of the external cavity 
walls and the loadbearing crosswalls, but concrete bricks 
will be used for the inner leaf of the external walls. Floors 
are to be insitu concrete construction. 


Consideration for this building would be: 


(a) to joint the length of flats into units less than 20 m long, 
in order to bring the ground strains resulting from the 
mining within acceptable limits that can be accom- 
modated within, say, a 75 mm wide joint between units. 

(b) to check that expansion and contraction from temper- 
ature changes are controlled by suitable expansion joints. 
This condition could normally be expected to be con- 
trolled within the joint provided for mining strain and, 
to check this, a calculation for the total mining strain 
plus the effects of expansion would need to be com- 
pared with the amount of strain that can be accom- 
modated by the joint and the jointing materials. 
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Figure A3.13_ Typical example of movement joints 
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Figure A3.12 Differential movements 


(c) to check the effects of moisture movement, a combina- 
tion of conditions must be considered, i.e. moisture 
movement and the movement of dissimilar materials. 
For example, the outer leaf of clay bricks will be 
expanding due to moisture expansion after firing, but 
the load strain on this leaf will partially cancel out this 
growth. At the same time, the inner leaf of concrete 
bricks will be contracting due to drying shrinkage and 
load strain (see Figure A3.12). 


These movements will not only be occurring vertically, but 
will also have an effect horizontally where shrinkage of the 
concrete floor slab will be adding to the problem. 


The typical floor plan and vertical sections shown in Fig- 
ure A3.13 indicate how vertical control joints can be 
accommodated in the concrete brickwork, how horizontal 
control joints can be provided, and how the floor slab can be 
jointed to reduce the detrimental effects of shrinkage. 


It should be noted that, since these joints affect the struc- 
tural stability of the building, it is important that this is con- 
sidered when locating them, and the effects of the weak 
zones within the building, since movement will occur in 
these areas. Having located the joints, a stability check 
should be made taking all the joints into account. 


The jointing shown in Figure A3.13 is only provided as a 
typical example. It must be emphasised that, for any par- 
ticular building, the joints must be specifically designed 
to suit the materials being used and the conditions to which 
the structure will be subjected. 
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A3.7 Jointing Materials and Typical Details 


While each joint must be designed for the movement, or 
movements, to be accommodated, there are a number of 
general points to consider. Joints, which are required to ac- 
commodate expansion of the building or compressive ground 
strains, must be kept free from obstruction, and any com- 
pressible fillers must be capable of absorbing all of the strain. 


Drying shrinkage, contraction and any other movement 
which could create tensile stresses in the masonry, need 
consideration if tensile cracks are to be avoided. A generous 
number of joints are always preferable to extending the 
spacing beyond that recommended. 


It is, perhaps, surprising how many engineering designers 
keep the design stresses for the normal loading conditions 
well under control, but fail to keep the secondary stresses 
from movement within allowable limits. Thus quite often, a 
good basic design fails after construction, due to a lack of 
consideration of small details around the control joints, 
and/or lack of adequate site supervision in keeping debris 
out of the joints. 


Some typical joint details are shown in Figure A3.14. 
Recommendations for materials for use in joints are pro- 
vided in BS 5628, Part 3. 
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Figure A3.14 Typical construction joints 
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Figure A3.15 Vertical movement joint 


Vertical joints for thermal and moisture movement are 
formed by butting the masonry units against a flexible 
separator, such as a patent compressible strip, polythene 
sheet, bituminous felt or plastic strips. U-shaped copper 
strips have been used very successfully for years, but these 
have become relatively expensive and many new and more 
economical types of filler are now on the market. The 
problems of sealing the joint has been eased by the use of 
polysulphide-based sealants manufactured to BS 4254. The 
joint must go right through, not only the structural ele- 
ments, but also finishes such as plaster or screeds. Vertical 
joints should be about 12 mm thick, and spaced at 10-15 m 
for clay bricks, but should generally be reduced below 6 m 
for concrete blocks and bricks and for calcium silicate 
bricks (see Figure A3.15). 


A3.8 Mortars in Assisting Movement 
Control 


While specially designed joints are important in the control 
of movement and prevention of excessive damage, the 
designer must bear in mind that each mortar joint between 
the masonry units can be just as important in preventing 
critical damage. 


In the past, when all mortar mixes tended to be weak, the 
mortar joints were the main control for movement — and 
they usually performed very well. Since the general use of 
stronger cement mortars and weaker bricks and blocks, the 
problems resulting from movements have increased. The 
majority of unsightly cracks in brickwork are those which 
pass through the bricks as well as the mortar joints. Many of 
these cracks would have remained unnoticed, and would 
have been less harmful, if a weaker mortar had been used, 
since the movement would have tended to disperse 
between the numerous mortar joints — leaving the masonry 
units undamaged. There is still a tendency to use too strong 
a mortar mix relative to the brick or block strength, and it 
cannot be over-emphasised that the mortar strength should 
generally be much weaker than the bricks or blocks. (See 
also Appendix 1, section A1.6.) 


Appendix 4 Provision for Services 


While the majority of service engineers would think twice 
about cutting a chase along a prestressed concrete beam, 
or cutting a hole through a steel column, they tend to think 
it much less serious when doing the same to structural 
masonry. This presented no problems in the past, when 
structural masonry was not of such slender construction, 
nor so highly stressed. However, modern masonry design 
calls for the same care and consideration as the prestressed 
beam and the steel column. 


It is not difficult to make provision for services, provided 
that it is pre-planned. As far as possible, all service runs 
should be planned (see Figure A4.1) and coordinated by the 
design team before site work starts, and it should not be left 
to the services sub-contractors to cut runs indiscriminately 
in finished work. 


The most common service provision is the cutting of chases 
for electrical conduits, etc. (Note that although chasing is 
still common practice it is specifically banned under Health 
and Safety legislation due to the dust generated.) If chases 
are cut horizontally, they obviously decrease the wall’s 
effective thickness and cross-sectional area, and thus 
increase the stress in the wall and its tendency to buckle. If 
the stress would increase above the permissible limit, the 
chase should obviously not be allowed. However, even if 
the chase does not overstress the wall, and is allowable, 
care must be taken in forming it. A labourer banging away 
with a hammer and chisel, or pneumatic hammer, will not 
only cut the chase but may also shatter the surrounding 
masonry units and mortar. The chase must be gently sawn 
with a power saw — but see note above on dust. 


Vertical chases may not appear to be such a problem, but 
most research carried out on test walls, loaded to destruc- 
tion, shows that the walls split vertically (see Figure A4.2). 


Where, for example, vertical chases are formed near door- 
ways, they can produce isolated columns of masonry under 
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Figure A4.3 Vertical chases 


lintels and beams, so that the bearing stress is concentrated 
rather than dispersed through the wall (see Figure A4.3). 


A vertical chase could then easily become a pre-formed 
crack. As with horizontal chases, vertical chases should be 
gently sawn, and only cut in walls or parts of walls which 
are not highly stressed. 


Holes through walls to allow the passage of heating pipes, 
etc., should be formed during construction by leaving out 
masonry units and, if necessary, the joints around the holes 
should be reinforced and reduce the stress concentration 
(see Figure A4.4). The pipes, etc. passing through the pre- 
formed holes can be sleeved. 


Vertical services can be routed through voids in hollow 
blocks and diaphragm walls, and through the cavities of 
cavity walls. However, such methods make access to the 
services difficult, and pre-planned service ducts in walls 
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Openings through floor slabs for vertical ducts can be very 
Figure A4.4_ Typical service hole details useful for setting out on site, since they form check points 
for ensuring that the next lift of masonry on top of the slab 
lines up with the walls and columns already built below. 
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air entrainment, 311 
allowable flexural stresses 
compressive in fin wall design, 
197 
tensile in fin wall design, 201 
alternative construction techniques 
bonding, 26 
approximate lever arm 
of diaphragm walls, 190, 206, 208 
arches, 2,115, 294 
abutment movement, 297 
buttress construction, 122 
Bow’s notation, 295 
catenary, 296 
Depuit, 297 
design examples 
pointed road arch, 304 
segmental footbridge, 299 
segmental road arch, 301 
design procedure, 299 
economics, 2 
floors, 115 
footbridge design example, 299 
force diagram, 295, 300, 302 
foundations, 115 
funicular polygon, 295 
graphical analysis, 296, 299 
Hardy Cross, 297 
Heyman, 298 
Hurst, 297 
limit state design, 2 
line of thrust, 294, 295 
linear arch, 295 
Maidenhead bridge, 3, 296 
masonry stresses, 303 
mathematical analysis, 297 
middle third rule, 295, 299 
parabola, 296 
Pippard, 297 
pointed arch design example, 304 
Rankine, 297 
research, 2, 297 
segmental, 2, 299, 301 
Sejourne, 297 
semi-circular, 296 
spandrels, 294 
terminology, 294 
Trautwine, 296 
trial sections, 296 
arching 
and joints, 61 
design examples, 59, 62 
lateral strength, 59 


methods of design, 147, 232 
horizontal arching, 60 
vertical arching, 58 
return walls to vertical arching, 62 
areas of collapse — accidental damage 
horizontal and vertical, 99 
asymmetrical sections 
in post-tensioned masonry, 267, 275 
availability of materials and labour, 3,7 
axial loading 
basis of design, 18 
design examples, 124 
design formula — reinforced columns, 
262 
diaphragm walls, 138, 213 
fin walls, 213 


balustrade wall 
design of solid concrete block, 154 
design moment of resistance, 154 
basis of design 
lateral loading, 47 
vertical loading, 18 
beam 
bearing — design example, 140 
disadvantages, 8 
reinforced brick — design examples, 254, 
257 
bearing 
design example, 140 
local stresses, 45 
types, 43 
under plate in post-tensioning, 269, 
275 
bitumen felt dpc, 314 
Blackwall tunnel, 3 
blockwork, see concrete blocks and 
blockwork 
bond (of reinforcement) 
local, 256 
partial factor of safety, 251 
bonding 
alternative construction technique, 
26 
characteristic strength, 21 
English, 315 
Flemish, 21,315 
general, 315 
stretcher, 21,315 
Bow’s notation, 299 
box section, 2, 178 
effect of vertical dpm in diaphragm 
walls, 183 
Brebner, Sir Alexander, 244 
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brick 
bonds, 26, 315 
calcium silicate, 309 
cellular, 308 
classification, 307, 310 
clay, 307 
common, 308 
concrete, 310 
crystallisation of soluble salts, 309 
dpc, 314 
durability, 309, 310 
efflorescence, 439 
engineering, 308 
facing, 308 
flint-lime, 309 
frogged, 307 
frost attack, 309 
hollow, 308 
internal, 308 
loadbearing brick classification, 307 
modular, 307 
moisture expansion, 266, 317,318 
-on edge construction, 26 
-on end construction, 26 
ordinary quality, 308 
perforated, 308 
quality, 308 
sand-lime, 309 
shrinkage, 319 
size, 307 
solid, 308 
special quality, 308 
special shape, 308 
standard format, 307 
standard specials, 307 
strength, 18, 308 
sulphate attack, 309, 320 
testing, 309 
thermal expansion, 318 
types, 308 
water absorption, 48 
Brick Development Association 
nine-day house, 3 
brickwork 
characteristic compressive strength, 18 
characteristic flexural strength, 48 
characteristic shear strength, 71 
orthogonal ratio, 49 
Brunel 
Isambard Kingdom, 3, 296 
Sir Marc, 3, 244 
buckling tendency, 12, 29, 34, 110, 124, 324 
in diaphragm and fin walls, 178, 192, 
196, 198, 202, 210 
of shear walls, 71, 158 
builders-work for provision of services, 
216, 324 
building categories, 99 
building regulations, 99, 101, 219 
butterfly wall ties, 56,314 


calcium chloride, 311 
calcium silicate bricks, 309 
shrinkage of, 319 
thermal expansion of, 319 


capacity reduction factor, 35, 38 
calculation of, 36, 39 
in columns, 37, 38, 136, 168 
in diaphragm walls, 139, 209 
in fin walls, 197 
in post-tensioning, 267, 270, 289 
in reinforced masonry, 257 
in shear walls, 164 
in solid wall design, 126, 150 
capping beam, 11 
construction of, 185 
for diaphragm and fin walls, 181 
category of building, 99 
cavity walls, 34, 54, 110, 130 
cavity thickness, 55 
cavity ties, 55, 110, 314 
cleaning cavities, 183 
comparison with diaphragm walls, 
146 
design as cracked section, 155, 156, 
159 
design example — post-tensioned, 269 
design of — grouted, 132 
design of —- ungrouted, 130, 154 
design of — ungrouted with piers, 134 
differing orthogonal ratios, 57 
effective thickness, 34 
flexural compressive stresses, 157 
grouted, 57, 110, 130 
in fin wall construction, 180, 191, 196 
in multi-storey structures, 215,321 
in single-storey structures, 177 
laterally loaded, 145, 154, 160 
load share, 55 
panel walls, 63, 160 
perforated external, 170 
resistance moment, 145, 155, 159 
section modulus, 144 
support conditions, 155 
support of outer leaf, 56,215,321 
thickened inner leaf, 145 
cellular concrete blocks, 310 
cellular construction, 1, 119, 214 
in multi-storey structures, 119, 216 
see also multi-storey structures 
cements, 311 
characteristic compressive strength, 18 
bonding, 21 
joint thickness, 21 
of blockwork, 21 
of brickwork, 21 
of masonry, 21 
of masonry units, 21 
of mortar, 21 
reinforced masonry, 257 
standard of workmanship, 21 
unit shape, 21 
characteristic flexural strength of masonry 
at dpc, 48 
clay bricks, 48 
orthogonal ratio, 49 
characteristic loads, 18, 19 
dead, 19 
imposed, 19 
wind, 19 


characteristic shear strength 
in diaphragm retaining wall, 291 
increase for vertical loading, 72 
of shear walls, 71 
characteristic strength, 18, 19 
and brick bonds, 21 
calculation of, 19 
chases, 216, 324 
chevron walls, 112 
chimneys, 116, 117 
domestic — sulphate attack, 320 
reinforced, 117 
churches, 2, 123,172 
circular tube, 116, 123 
cladding, 51, 63, 220 
envelope area, 227 
clay brick, 307 
moisture expansion, 266, 317,318 
natural growth, 266 
thermal expansion, 318 
water absorption of, 48 
coefficients of 
shear stress in diaphragm walls, 205 
thermal expansion, 318 
trial section in diaphragm wall, 186, 206 
trial section in fin wall, 192 
collar jointed walls, see double leaf collar 
jointed walls 
column and plate floor construction, 119 
advantages, 228 
cross-sectional shapes, 228 
design example, 238 
design procedure, 229 
durability, 228 
floor construction, 228 
in multi-storey structures, 214, 228, 238 
size and spacing of columns, 229 
speed of erection, 229 
uses in column structures, 228 
see also multi-storey structures 
columns, 1, 36, 114 
capacity reduction factor, 37, 38, 136, 
168, 257 
column and plate floor, 214, 228 
combined bending and axial load, 167 
cross-sectional shapes, 229 
cruciform, 114, 137, 167, 228 
cruciform — combined loading, 167 
definition, 36 
design examples, 238 
design of, 136, 165 
design resistance moment, 167, 168, 169 
design strength, 38, 136, 137 
eccentric loading, 39, 41 
effective height of, 36 
effective thickness, 36 
enhanced lateral support, 37 
estimate size of, 136 
flexural compressive stresses, 168, 169, 
170 
formed by openings, 37, 136 
hollow circular, 115, 116, 229 
hollow elliptical, 116, 123 
hollow rectangular, 169, 229 
of small plan area, 39, 115, 136 
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radius of gyration, 138, 167 

reinforced, 245 

slenderness ratio, 35, 137, 138, 168 

solid rectangular, 168, 228 
combined bending and axial loading 

design basis, 48 

design examples, 142 
combined forms of construction, 120 
combined slenderness and eccentricity, 40 
components, 314 

brick bonds, 315 

damp proof courses, 314 

fixings, 314 

wall ties, 56, 314 
composite construction, 116, 218, 246, 247 
compression tube, 116, 123 
compressive strength 

bricks, 308 

concrete blocks, 23, 310 

factors affecting masonry, 19 

mean compressive strength, 19 

of masonry, 18 

standard deviation, 19 
compressive stress — design local, 44 
concentrated loads, 43 

design for, 140 

design strength, 141 

in diaphragm and fin walls, 185 

pier at beam bearing, 142 

spread of load, 43, 141 
concrete blocks and blockwork 

cellular, 310 

characteristic compressive strength, 24 

classification, 310 

compressive strength of units, 23,310 

density, 310 

design of filled hollow blocks, 25 

design of solid, 129, 154 

durability, 311 

filled hollow blocks, 23 

format, 310 

handling for laying, 310 

hollow blocks, 23, 310 

shape of units, 21, 23 

shrinkage, 319 

sizes, 310 

solid blocks, 23, 310 

strength testing, 310 

thermal expansion, 318 

type A, 310 

type B, 310 

type C, 310 
concrete bricks, 310 

shrinkage of, 319 

thermal expansion of, 318 
construction control 

normal, 27 

special, 27 
control joints, see movement joints 
Conway bridge, 3 
corrosion 

of post-tensioning rods, 247, 249 

of reinforcement, 247 

of services, 182 

of shear ties, 182 


course stuff, 311 
crack hinge (or plastic hinge), 188 
cracked section, 48, 70, 142, 159, 172, 232 
collar jointed walls, 152 
diaphragm and fins, 188, 190, 197, 199, 
206, 208 
free-standing walls, 150, 152 
moment of resistance, 51, 53 
see also stability moment of resistance 
creep in masonry, 266, 268 
cross-ribs 
centres of cross-ribs, 202, 286 
in retaining walls, 286 
of diaphragm walls, 2, 178, 182 
shear resistance, 287, 291 
shear ties, 182, 211 
thickness of, 287 
crosswalls, 1, 14, 70, 118, 222, 227 
as shear wall — design of, 163 
design examples, 229, 236 
elevational treatment, 224 
in multi-storey structures, 214, 219 
see also multi-storey structures 
cruciform columns, 114, 137, 167, 228 


damp proof courses and membrane 
bitumen felt, 314 
brick, 314 
for diaphragm and fin walls, 183, 188, 
192 
general, 314 
horizontal, 314 
metals, 314 
plastic, 314 
slate, 314 
vertical, 314 
deflection, 16 
of cavity walls, 55 
of post-tensioned masonry, 269 
of precast concrete floors, 79 
of roof prop, 190, 194, 202, 210 
propping and tying, 74, 76 
department stores, 1 
Depuit, 297 
design compressive strength 
of columns, 38 
of diaphragm walls, 138 
of walls, 36 
reinforced masonry, 257, 259 
design load, 18 
design of elements — combined bending 
and axial loading 
balustrade walls, 154 
columns, 165 
comparison of cavity wall with 
diaphragm wall, 146 
cruciform columns, 167 
external cavity walls, 154 
free-standing walls, 150 
hollow rectangular columns, 169 
method of design, 142 
panel walls, 160 
perforated external walls, 170 
solid rectangular columns, 168 
solid walls, 147 


design of elements — vertically loaded 


cavity walls — grouted, 132 
cavity walls — ungrouted, 130 
columns, 136 

columns formed by openings, 136 
concentrated loads, 140 
design procedure, 124 
diaphragm walls, 138 
estimation of element size, 124 
pier-stiffened solid walls, 134 
principle of design, 124 

solid columns, 137 

solid walls, 124 


design moment of resistance 


collar jointed walls, 152 
cracked sections, 53 
diaphragm walls, 146, 190 
free-standing walls, 63, 150 
horizontally spanning, 51 
of fin walls, 190 
of shear walls, 164 
reinforced masonry, 252 
stability moment of resistance, 53, 62, 
189 
uncracked sections, 51 
vertically spanning, 51 


design philosophy, 10 


architectural planning, 15 

cantilevers, 13 

capping beam, 11 

comparison of brick and concrete 
structures, 15 

comparison of wall properties, 12 

essential building elements, 13 

exploitation of cross-section, 10 

foundations, 14 

gable shear walls, 13 

geometric sections, 13, 124 

multi-storey structures, 15 

podium construction, 15 

post-tensioning, 11 

propped cantilevers, 13 

restraint, 11 

strength of material, 10 

T, land L plan configurations, 15 

uplift forces, 10 


design strength, 18,35 


compressive strength of masonry, 
18 

of columns, 38, 136, 137 

of reinforced masonry, 256 

of wall ties, 182, 211 

of walls, 36 

post-tensioned masonry, 266 

shear strength, 71 

solid walls, 126, 129 


diaphragm walls, 2, 11, 112, 178 


approximate lever arm, 190, 209 
architectural treatment, 181 
capacity reduction factor, 139, 209 
capping beams, 180, 182 

cavity cleaning, 183 

comparison with cavity walls, 146 
comparison with fin walls, 179 
comparison with solid walls, 139 
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diaphragm walls (cont'd) 
damp proof courses and membranes, 
183, 188 
definition, 178 
deflected roof prop, 302 
depth, 204 
design and construction details, 180 
design bending moments, 188 
design examples, 138, 207, 284 
design for axial loading, 138, 214 
design symbols, 191 
disadvantages, 178 
estimate wall thickness, 139 
farm buildings, 212 
foundations, 180, 184 
in single-storey buildings, 177 
mass-filled, 2, 112,212 
other applications, 212 
plastic analysis, 188 
post-tensioned, 284 
principle tensile stress, 190 
properties of sections, 204, 208 
radius of gyration, 139 
resistance moment, 146 
retaining walls, 112, 212, 284 
rib centres, 202 
scaffolding, 185 
services, 182 
shear lag, 190 
shear resistance of wall ties, 182, 211 
shear stress coefficient, 205 
slenderness ratio, 139, 209 
sound and thermal insulation, 183 
sound deflectors, 212 
stability moment, 189, 190, 193, 196, 199, 
206, 208 
structural design, 139, 182 
structural detailing, 183 
capping beam, 185 
foundations, 184 
joints, 184 
temporary propping, 185 
wall openings, 185 
trial section coefficients, 186, 206 
trial section selection, 208, 286 
with plate roof construction, 120 
disadvantages, 7 
beams and slabs, 8 
control joints, 8 
diaphragm and fin walls, 178 
foundations, 8 
increase in obstructed area, 7 
isolated detail problems, 7 
lack of education, 3,7 
large openings, 8 
dispersion of load 
at concentrated load bearings, 43, 141 
available for arch thrust resistance, 58 
docks 
Albert Dock, 3 
St Katherine’s Dock, 3 
double leaf collar jointed walls, 57, 110 
design as cracked section, 152 
design of, 134 
free-standing walls, 152 


moment of resistance, 152 

requirements for, 57 

wall ties, 153 
double-leaf cavity walls, see cavity walls 
double-triangle wall ties, 56,314 
durability, 5, 16, 178, 186 

of column structures, 228 

of concrete blocks, 311 

of fixings (and compatibility), 315 

of shear ties, 182 


eccentric loading, 39, 235 
combined with slenderness, 40 
design in grouted cavity walls, 132 
general conditions, 39 
in columns, 39, 41 
in plane of wall, 70 
in solid walls, 127, 130 
in walls, 40 
eccentricity 
effective, 57, 148 
of post-tensioning rods, 263, 265, 276, 
279 
education, 3, 94 
lack of, 3, 7, 244 
effective depth 
of reinforced brick beam, 258, 260 
effective eccentricity 
capacity reduction factor, 57 
in solid walls — laterally loaded, 148 
method of design, 57, 147 
effective flange width 
in fin wall design, 192, 196 
effective height or length, 12, 28 
determination of, 32 
of columns, 36 
of solid walls, 32, 126 
use of partitions, 12 
effective section 
in fin wall design, 192, 193 
effective span, 251 
effective thickness, 12, 32, 124 
in cavity piered walls, 35, 135 
in cavity walls, 34 
in reinforced masonry, 257 
in solid piered walls, 34, 134 
in solid walls, 34, 124 
of columns, 36 
efflorescence, 309 
elastic 
analysis of fin walls, 200 
analysis of post-tensioned masonry, 266 
analysis of shear walls, 71, 163 
deformation of masonry, 266, 269 
stresses, 16 
elements 
arches, 115 
chevron (zig-zag) walls, 112 
columns, 115 
composite construction, 116 
design of, 124, 142 
diaphragm walls, 112 
double-leaf cavity walls, 110 
double-leaf collar jointed walls, 110 
double-leaf grouted cavity walls, 110 


faced walls, 111 
fin walls, 113 
horizontal reinforced masonry, 116 
piered walls, 112 
post-tensioned walls, 114 
reinforced walls, 113 
single-leaf (solid) walls, 110 
veneered walls, 111 
elimination of sub-contractors and 
suppliers, 2 
elliptical tube columns, 116, 123 
energy requirements, 1, ? 
English 
bond, 315 
garden wall bond, 315 
enhanced lateral support 
of columns, 36 
of walls, 29, 32 
estimate (design size), 124 
cavity walls (ungrouted), 131 
columns, 136 
columns formed by openings, 137 
diaphragm walls, 139 
grouted cavity walls, 133 
pier-stiffened cavity walls, 135 
pier-stiffened solid walls, 134 
solid walls, 126, 128 
expansion, 245, 318 
coefficients, (remove this line) 
see also movement 


faced walls, 111 
factor of safety, 16 
see also partial factor of safety 
factories, 1, 173 
farm buildings, 212 
filled hollow concrete blocks, 23 
fin walls, 2, 11,113, 178 
allowable flexural compressive stress, 
197 
allowable flexural tensile stress, 201 
architectural treatment, 181 
capacity reduction factor, 197 
capping beams, 180, 182 
cavity cleaning, 183 
comparison with diaphragm walls, 179 
damp proof courses and membranes, 
183, 188 
definition, 178 
deflection of roof prop, 194, 202 
design and construction details, 180 
design bending moments, 188 
design examples, 194, 276 
design procedure, 194 
design symbols, 191 
disadvantages, 178 
effective flange width, 192, 196 
effective section, 192, 193 
elastic section, 192, 193 
farm buildings, 212 
for strengthening existing walls, 212 
heavy axial loading, 213 
in multi-storey structures, 213, 226 
in single-storey structures, 177 
interaction between leaves, 191 
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other applications, 212 
‘plastic’ analysis, 188 
post-tensioned fins, 212, 275 
principle tensile stress, 190 
properties of, 193 
propped cantilever action, 180, 186, 188, 
197 
retaining walls, 212 
scaffolding, 185 
services, 182 
shear lag, 190 
size of, 181, 192 
slenderness ratio, 197 
sound and thermal insulation, 183 
spacing of fins, 181, 191, 196 
stability moment, 189, 190, 193, 196, 197, 
199 
structural design, 183, 193 
structural detailing, 183 
capping beam, 185 
foundations, 184 
joints, 184 
temporary propping, 185 
wall openings, 185 
trial section coefficient, 186, 193, 196 
with plate roof construction, 121 
fire resistance, 5,219 
fixings 
durability and compatibility, 314 
general, 314 
strength of, 314 
flanges 
flange length, 178, 179, 192 
of diaphragm retaining wall, 286 
of diaphragm walls, 178 
of fin walls, 192, 196 
Flemish bond, 21,315 
flexibility to alteration, 218 
flexural strength 
compressive, 53 
tensile, 48 
floors (restraint from) 
abutting walls, 76, 87 
bearing onto walls, 76, 87 
footbridge arch, 299 
force diagram 
arch design examples, 299, 301, 304 
in arch design, 295, 300, 302 
forms 
arch and buttress construction, 122 
cellular construction, 119 
chimneys, 116 
column and plate floor construction, 
120 
combined forms, 120 
compression tube construction, 123 
crosswall construction, 118 
diaphragm wall and plate roof 
construction, 120 
fin wall and plate roof construction, 121 
podium construction, 15, 217 
spine wall construction, 121 
foundations 
diaphragms and fins, 180, 184 
disadvantages, 8 


multi-storey structures, 218 
post-tensioning, remove this line 
free-standing walls, 62, 147 
balustrade walls, 154 
chevron walls, 112 
design examples, 63, 150, 152, 154 
design of — collar-jointed, 152 
design of - solid, 150, 152 
design of — solid concrete block, 154 
design as a cracked section, 152, 153 
limiting dimensions, 62 
moment of resistance, 63, 151 
friction 
losses in post-tensioned masonry, 266, 
269 
frost inhibitors, 311 


gable walls, 14, 94 
gains in post-tensioning force, 266 
garages, 1 
geometric sections, 124 
diaphragm and fins, 178 
flange width, 51 
grouted cavity walls, 57, 110 
brick and mortar strengths, 134 
design of, 130 
design strength, 132 
eccentricity of load, 133 
estimate wall thickness, 133 
resultant load, 133 
grouting in reinforced masonry, 245 
growth, see natural growth of masonry 
gymnasia, 2, 178 


Haller, 226 
halls of residence, 1 
Hardy Cross, 297 
Hartley, 3 
Heyman, 298 
high alumina cement, 311 
holding down roofs 
see tailing down of roofs 
see strapping and tying 
hollow blocks, 23, 310 
horizontal 
dpc, 314 
girder, 13, 173, 180 
movement, 76 
reinforced masonry, 116, 257 
stability of multi-storey structures, 215 
ties in accidental damage, 105 
hotel bedroom blocks, 1, 214, 217, 219, 223 
design example, 229 
houses — lateral restraint, 32 
Hurst, 297 


Tsection 

effect of dpm in diaphragm walls, 183 
industrial buildings, 1, 178 
interaction with other materials, 7,177 
introduction, 1 


joints 
disadvantages, 8 
for diaphragm and fin walls, 184 


in arch method of design, 61 
materials and details, 323 
movement, 317 

joist hangars, 76, 88 (hanger not hangar) 


knife edge conditions, 53, 59, 174 
diaphragm and fins, 190 


labour, 3,7 
lateral loading 
basis of design, 47 
design lateral strength, 59 
general, 51 
on panel walls, 63 
tensile and shear strength, 47 
lateral stability 
of reinforced masonry beams, 251 
of walls, 29 
lateral strength 
in arch method of design, 58 
lateral support 
details, 36 
enhanced, 29, 32, 36 
in accidental damage design, 102 
introduction, 28 
loads to be resisted, 29 
of columns, 36 
of walls — horizontal, 29 
of walls — vertical, 32 
see also restraint 
lift shafts and stair enclosures, 14 
lime, 311 
limit state design, 16, 18 
of arches, (delete this line) 
linear arch, 295 
load 
characteristic, 18, 19 
concentrated, 43 
design — introduction, 19 
lateral, 51 
share, 54,191,221 
load bearing elements 
in accidental damage design, 102 
local bond 
design formula, 256, 260, 262 
losses 
assessment of, 268 
elastic deformation of masonry, 269 
friction, 266 
post-tensioning force, 266, 268 
relaxation of post-tensioning steel, 268 


Maidenhead bridge, 3 
maintenance, 6, 178, 226 
major axis 

of columns, 42 
manufacturing control 

normal, 27 

special, 27 
masonry 

cement, 311 

in limit state design, 16 

shape of units, 20 

strength of masonry units, 20 
mass filled diaphragm walls, 2, 112, 212 
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materials, 307 
calcium silicate bricks, 309 
clay bricks, 307 
concrete blocks, 310 
concrete bricks, 310 
mortars, 311 
stone masonry, 310 
minor axis 
of columns, 42 
modular bricks, 22 
moisture expansion, 266, 317,318 
moment of inertia 
general, 55, 71, 124 
of shear walls, 221 
moment of resistance, see design moment 
of resistance 
mortar 
additives, 311 
air entrainment 
assistance in movement control, 323 
calcium chloride, 311 
chemical analysis, 313 
choice, 312 
constituents, 311 
course stuff, 311 
cubes, 313 
frost inhibitors, 311 
general, 311 
high alumina cement, 311 
in free-standing walls, 62 
joint thickness, 21 
lime, 311 
masonry cement, 311 
mixes, 312 
mixing, 311 
movement, 323 
pigments, 311 
plasticisers, 311 
Portland cement, 311 
proportioning, 312 
quality control of, 16 
ready-mixed, 311 
sand, 311 
selection, 313 
shrinkage of, 319 
sulphate-resisting Portland cement, 311, 
320 
sulphates in, 309 
testing, 313 
thermal expansion, 318 
water, 311 
movement 
aggravation from restraint, 318 
and mortars, 323 
causes of, 317 
chemical changes, 317 
coefficients of thermal expansion, 318 
concrete and calcium silicate bricks, 
319 
creep in masonry, 266 
deflection of floor supporting wall, 320 
differential, 320 
dissimilar materials, 320 
drying shrinkage, 319 
due to moisture, 266, 317, 318 


due to thermal expansion and 
contraction, 266, 317 
fired clay bricks, 318 
foundation, 317, 321 
frost action, 317 
natural growth of masonry, 266 
resistance to, 6 
sulphate attack, 320 
movement joints 
aggravation from restraints, 318 
assessment of location, 318 
assistance from mortars, 323 
concrete floor slab/ wall connection, 218 
consideration of, 322 
design of, 322, 323 
dissimilar materials, 320 
general, 8, 317,322 
in multi-storey buildings, 216 
joint sealing, 323 
materials and details, 323 
shrinkage, 323 
slip-plane, 320 
multi-storey structures, 1, 2, 13, 213, 214 
accidental damage, 218, 223, 226, 235 
bedroom blocks, 223 
choice of masonry materials, 219 
column structure design example, 238 
common problems to consider, 214 
comparison of structural forms, 227 
composite construction, 218 
concrete roof slab/wall connection, 218 
costs and saving, 214 
crosswall design examples, 229, 236 
crosswall elevational treatments, 224 
envelope (cladding) area, 227 
external cavity walls, 215, 220 
fin walls, 226 
flexibility, 218, 227 
foundations, 218, 228 
height parameters of cellular 
construction, 227 
horizontal stability, 215, 220, 224, 225, 
233 
low/medium rise flats, 223 
movement joints, 216 
openings in shear walls, 22 
podium construction, 217, 224 
robustness of cellular construction, 227 
school classroom blocks, 222, 236 
services and builders-work 
requirements, 216 
shear walls, 215, 221 
spiral construction, 1, 118 
structural forms 
cellular, 214, 220 
column, 214, 228, 238 
crosswall, 214, 219 
spine, 214, 224 
varying brick and mortar strengths, 219 
vertical alignment of walls, 217 
vertical stability, 215, 220 


narrow brick walls, 22, 59, 128 
natural growth of masonry, 266 
natural stone masonry, 25, 310 


‘normal control’ 
construction, 27 
manufacturing, 27 


openings 
columns formed by, 37, 136 
disadvantages, 8 
in diaphragm and fin walls, 185 
in shear walls, 222 
open-plan offices, 1,212 
orthogonal ratio, 49, 66 
design examples, 49, 162 
differing ratios, 57 
panel wall design, 161 


panel walls, 50,51, 63 
bending moment coefficients, 66, 162 
cavity walls, 63, 160 
design methods, 64 
design of double-leaf cavity, 160 
edge support conditions, 64, 161 
free-standing piered walls, 62 
in multi-storey buildings, 220 
limiting dimensions, 63, 162 
load share 
orthogonal ratio, 49, 66, 162 
resistance moment, 162 
strengths of wall ties, 69 
parabola 
in arches, 296 
parapet walls, 62 
partial factor of safety, 16, 18 
acceptance limit, 27 
accidental damage, 100, 104 
construction control, 27 
determination of, 20 
for shear stresses, 72 
on loads, 20 
on materials, 27 
on reinforcement, 250 
on workmanship, 27 
reinforcement masonry materials, 251 
reinforced masonry — serviceability — on 
loads, 251 
partitions 
and accidental damage, 102 
and effective length, 12 
perforated external wall 
assessment of mode of action, 170 
design moments, 171 
design of, 170 
design resistance moment, 172 
stability moments of resistance, 172 
peripheral ties 
in accidental damage designs, 105 
permissible stress design, 16 
philosophy, see design philosophy 
piers, 2,112 
at concentrated load bearings, 142 
see also fin walls 
effect on slenderness of walls, 34 
pier-stiffened cavity wall, 112 
brick and mortar strength, 135 
design of, 135 
design strength, 134 
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effective thickness, 135 
estimate thickness of, 135 
in single-storey buildings, 177 
reinforced, 112 
pier-stiffened solid wall, 112 
brick and mortar strength, 135 
design of, 134 
design strength, 134 
effective thickness, 34, 135 
estimate wall/pier configuration, 134 
in single-storey buildings, 177 
reinforced, 11 
pigments, 311 
Pippard, 297 
plane of failure 
parallel to bed joints, 49 
perpendicular to bed joints, 49 
plastic 
analysis of diaphragms and fins, 188 
dpc, 314 
hinge, 188 
materials such as masonry, 16 
plasticiser, 16,311 
podium construction, 217, 224 
Portland cement, 311 
post-tensioned diaphragm walls, 3, 114, 
186, 213, 246, 284 
cross ribs shear resistance, 287, 291 
design example, 284 
design theory, 284 
local stability, 289 
overall stability, 289 
trial section 
cross-rib thickness, 287 
depth, 286 
flange thickness/cross-rib spacing, 
286 
post-tensioned fin walls, 3, 114, 186, 213, 
246, 275 
design example, 275 
design theory for, 275 
overall stability check, 282 
spread of post-tensioning force, 279 
post-tensioned masonry, 2, 244, 263 
applications, 250 
asymmetrical sections, 267, 276 
bearing stresses under spreader plates, 
269, 275 
capacity reduction factor, 267, 270, 279, 
289 
choice of system, 249 
comparison with concrete, 244 
concrete blockwork, 3, 268 
corrosion of post-tensioning steel, 247, 
248, 264 
creep of masonry, 266, 268 
deflection, 269 
design examples 
cavity wall — wind loading, 269 
diaphragm - retaining wall, 284 
fin wall — wind loading, 276 
design for flexure, 265, 269 
design strengths, 265 
design theory for, 244, 263, 284 
eccentricity of rods, 263, 265, 276, 278 


economics, 247 

elastic analysis of, 266 

elastic deformation of masonry, 266, 
268, 269 

friction, 266, 269 

gains in post-tensioning force, 266, 268 

grouting, 263 

jointing of rods, 264 

limitation of steel stress, 267 

location of rods, 263 


losses in post-tensioning force, 266, 268 


method and sequence of construction, 
263 

moisture movements in masonry, 266, 
268 

natural growth of clay brickwork, 266, 
268 

overall stability, 282, 289 

partial safety factor, 269 

prestressing, 246 

relaxation of steel, 266, 267, 268 

research, 2, 268 

shrinkage of concrete masonry, 268 

simplified design philosophy, 263 

slenderness ratio, 270, 279, 282 

strengths adjusted to loading 
conditions, 266 

temporary support, 265 

thermal movement, 266, 268 

torque, 246, 264, 269, 275 

post-tensioned walls, 114, 147 
in design philosophy, 11 


in diaphragm and fin wall, 186, 213, 246, 


276, 284 
in single-storey buildings, 177 
retaining walls, 284 
school system buildings, 2 
prefabrication, 3, 246, 250 
prestressed masonry, 246 
see also post-tensioned masonry 
primary accidental damage, 99 
principal tensile and stress 
in diaphragm and fin walls, 190 
progressive collapse, 2, 74, 94, 118 
prop, 13, 173 
deflection of roof, 190, 194, 202, 210 
properties of sections 
diaphragm walls, 204, 208 
fin walls, 193 
propped cantilever 
design method, 69 
in single-storey buildings, 69, 174 
philosophy of, 13 
principles of — for diaphragm and fin, 
180, 186, 188, 197 
propping — temporary, see temporary 
propping 
protected member, 103 


quetta bond, 246 


radius of gyration, 12, 124, 138, 139, 167, 
169, 213 

random rubble masonry, 25, 310 

Rankine, 297 


ready-mixed mortars, 311 
rectangular stress block, 53, 151, 153, 157 
diaphragm and fins, 190, 198 
reduction factor, see capacity reduction 
factor 
reinforced masonry, 2, 244 
applications of, 245, 250 
Blackwall Tunnel, 3 
characteristic compressive strength, 
257 
chimneys, 117 
choice of system, 249 
column design and formulae, 262 
comparison with concrete, 244 
composite construction, 116, 218, 246, 
247 
corrosion of reinforcement in, 247, 248, 
249 
depth required of brick beam, 258, 259 
design examples 
beams, 257 
column axial loading, 262 
retaining wall, 261 
design formulae 
axial loading, 257 
local bond, 256, 260, 262 
moment of resistance, 252, 258 
shear reinforcement, 255 
shear stress, 255 
design theory for, 244, 250 
economics of, 247 
effective depth of brick beams, 258, 260 
effective span, 251 
effective thickness, 257 
grouting, 245 
history, 2 
horizontally reinforced, 116 
lateral stability of beams, 251 
lever arm, 258, 260 
limiting slenderness ratio for walls, 252 
methods for, 245 
partial safety factors, 250, 257 
percentage of reinforcement, 252, 258 
strength of materials, 251, 258 
reinforced masonry walls, 113 
limiting slenderness ratios, 252 
methods of reinforcing, 246 
retaining wall - design example, 261 
reinforcement 
around service holes, 325 
characteristic tensile strength, 251 
corrosion, 246 
partial factors of safety, 250 
shear reinforcement, 255 
relaxation 
of post-tension steel, 266, 268, 269 
removal analysis 
in accidental damage design, 104 
repair and maintenance, 6, 218 
research, 48, 266, 297, 324 
resistance moment, see design moment of 
resistance and stability moment 
of resistance 
resistance and stability moment of 
resistance 
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restraint, 28 
aggravation to movement, 317 
enhanced lateral support, 29, 32 
from concrete floors, 32, 87 
from trussed rafters, 32, 81-85 
in houses, 32 
of columns, 36 
of external walls, 74 
of fin walls, 199 
of free-standing walls, 62 
of outer leaf of cavity walls, 72,215 
reinforced masonry beams, 251 
straps, 32, 48, 77-86 
retaining walls, 2,63, 112, 113, 213, 245 
design example, post-tensioned 
diaphragm, 284 
design example, reinforced, 261 
diaphragm walls, 2, 112 
fin wall, 212 
robustness, 2, 94, 177 
Ronan Point, 2, 74, 118 
Rotherhithe Tunnel, 244 


sand and water for mortar, 311 
scaffolding 
in diaphragm and fin walls, 185 
school classroom blocks, 1, 119, 222 
design example, 236 
second moment of area, see moment of 
inertia 
secondary accidental damage, 99 
section modulus, 50, 112 
of cruciform column, 167 
of diaphragm walls, 205 
of fin walls, 201 
of hollow rectangular column, 169 
of shear walls, 221 
segmental arch, 2, 299, 301 
Sejourne, 297 
services 
builders-work requirements, 216, 324 
corrosion, 182 
cutting chases in brickwork, 216, 324, 
325 
in diaphragm and fin, 182 
in multi-storey buildings, 216 
provision for, 324 


reinforcement around service holes, 325 


vertical alignment of walls, 217 
shafts, 116, 123 
shape 
ratio, 130 
unit, 21 
shear 
design of reinforced members, 255 
force in diaphragm walls(flexural), 182, 
211 
force in fin walls (flexure), 192 
forces on walls, 71 
keying between wall and floor, 77 
lag in diaphragm and fin walls, 190 
partial factor of safety, 72 
reinforcement, 255 
resistance of wall ties, 182, 211 
resistance to, 72 


strength, 72 

ties, corrosion of, 181 

ties in diaphragm walls, 181, 211 
walls, see shear walls 


shear walls, 13, 71,77, 97,219 


buckling tendency, 71 
capacity reduction factor, 164 
concrete block — design, 163 
design resistance moment, 165 
elastic analysis, 71, 163 
flexural compressive stresses, 165 
in diaphragm and fin walls, 180, 183 
in multi-storey buildings, 221 
load share, 221 
openings in walls, 222 
second moment of area, 221 
section modulus, 221 
walls of differing plan layout, 222 
shell bedding, 26 
shrinkage 
and movement joints, 323 
calcium silicate bricks, 319 
concrete bricks and blocks, 319 
in post-tensioned concrete masonry, 268 
mortar, 319 
single leaf walls, see also solid walls 
design of, 124 
walls, 110 
single-storey buildings, 173 
design considerations: 
bending stresses, 173 
combined bending moment diagram, 
175 
knife edge condition, 175 
propped cantilever action, 69, 174 
robustness, 177 
roof action, 173 
slenderness ratio, 177 
stability moment of resistance, 69, 173 
tailing down of roof, 176 
vertical loads, 173 
design procedure, 177 
diaphragm walls, 177 
fin walls, 177 
height parameters of differing structural 
forms, 177 
strapping and tying of, 73, 174, 176 
slate dpc, 314 
slenderness ratio, 18, 28, 124 
columns, 36 
combined effect with eccentricity, 40 
diaphragm walls, 139, 209 
fin walls, 197 
limiting values for reinforced walls, 
252 
limiting values for walls, 28 
piered walls, 34 
post-tensioned walls, 270, 279, 283 
solid walls, 126, 129, 149 
solid concrete blocks, 23, 310 
solid walls, 110, 147 
balustrade walls, 154 
brick and mortar strength required, 128, 
129 
capacity reduction factor, 126, 149 


characteristic strength required, 128, 
129, 149 
comparison with diaphragm wall, 139 
concrete block solid wall, 129 
design loads and bending moments, 148 
design of, 124, 126 
design strength, 126, 129 
eccentricity of load, 127, 130 
effective eccentricity, 57, 148 
effective height, 32, 127 
effective thickness, 34, 124 
estimate thickness, 126, 128 
free-standing walls, 150, 151 
in single-storey buildings, 177 
narrow brick walls, 128 
slenderness ratio, 126, 129, 149 
sound deflectors 
diaphragm wall, 212 
sound insulation, 1,5, 130, 219, 224 
of diaphragm and fin walls, 183 
spandrel, 294 
special control 
construction, 27 
manufacturing, 27 
speed of erection, 1, 4, 118, 214, 218, 247 
BDA nine-day house, 3 
spine walls, see also multi-storey 
structures, 1,121 
in multi-storey structures, 214, 224 
spiral construction, 1,118 
sports halls, 1, 173, 178 
spread of load, see dispersion of load 
stability, 73, 94, 96 
designer’s responsibility, 96 
of multi-storey structures, 215, 220, 233 
of post-tensioned diaphragm wall, 289 
of post-tensioned fin wall, 282 
percentage of dead load applied 
laterally, 98 
plate action of floors and roofs, 97 
robustness of plan layout, 97 
strapping and tying, 97 
stability moment of resistance 
for cavity walls, 156, 171 
for diaphragm and fin, 189, 190, 193, 
196, 199, 206, 208 
for free-standing walls, 62, 151 
general, 53, 62, 70, 173, 189 
stair enclosures, see lift shafts and stair 
enclosures 
standard deviation 
compressive strength of masonry units, 
19 
standard format bricks 
arches, (remove this line) 
in diaphragm and fins, 178 
size, 307 
Stephenson, 3 
stone masonry, 25, 310 
strapping and tying, 73, 94, 98 
and deflection of precast floors, 79 
code requirements for straps, 79 
design considerations for straps, 78 
design example (complete building), 
89-93 
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for horizontal movement, 76 
for uplift, 73 
illustrations of strapping, tying, 
propping, 80-88 
in single-storey buildings, 174, 176 
shear keying of walls to floors, 77 
straps 
bending value, 78 
design considerations, 76 
restraint, 32 
strengths of, 78 
strength, see characteristic 
stretcher bond, 21,315 
structural forms, see forms 
sulphate 
attack, 309, 320 
in mortar, 309 
resisting cement, 311, 320 
swimming pools, 2 


T section, 15 
moment of inertia graph, (omit this line) 
neutral axis graph, (omit this line) 
of fin walls, 2,178, 191 
properties, (omit this line) 
tailing down of roofs, 48, 176 
Telford, 3 
temporary propping, 48 
diaphragm and fin walls, 185 
post-tensioned walls, 265 
tensile strength 
of reinforcement (characteristic), 251 
tensile stress 
direct, 48 
direct in accidental damage design, 48, 
105 
theatres, 2, 173 
thermal expansion 
calcium silicate bricks, 319 
clay bricks, 318 
concrete blocks and bricks, 318 
mortars, 318 
thermal insulation, 5 
of diaphragm and fins, 183 
tie force, 104, 109 
ties, see shear ties, wall ties and accidental 
damage 
torquing, 246, 267 
design torque required, 275 
frictional losses, 265, 269 
Trautwine, 296 


trussed rafters 
restraint from, 32, 81-85 
tunnels, 116, 123 


ultimate stress, 16 
in arch method of design, 58 
in diaphragm and fin walls, 190, 199 
width of rectangular stress block, 53, 
151, 153, 157 
uncracked sectins 
moment of resistance, 51 
ungrouted cavity wall 
brick and mortar strength, 130 
design of 
design strength 
estimate wall thickness 
uplift due to wind, 10, 48, 73, 77 
in diaphragm and fins, 180 
in multi-storey structures, 221, 232 


vandal resistance, 178 
vaults, (remove this line) 
veneered walls, 111 
vertical 
alignment of walls, 217 
dpc, 314 
stability of multi-storey structures, 215 
ties, in accidental damage, 108 
twist, wall ties, 55, 80, 314 
Victorian brick engineering, 3, 296 


wall 
balustrade, 154 
bearings, 43 
cavity, 110 
chevron, 112 
collar-jointed, 110 
cross, 118 
diaphragm, 112 
double-leaf cavity, 110 
double-leaf collar-jointed, 110 
double-leaf grouted cavity, 110 
faced, 111 
fin, 113 
free-standing, 62, 147 
gable, 14 
grouted cavity, 110 
horizontal lateral support of, 29 
joints, 317 
lateral stability of, 29 
mass-filled diaphragm, 112, 212 


narrow brick, 22 
narrow stone, 32, 440 
of small plan area, 39 
panel, 64 
parapet, 62 
partition, 12, 102 
perforated external, 170 
piered, 112 
post-tensioned, 114 
post-tensioned diaphragm, 284 
post-tensioned fin, 275 
random rubble, 25, 310 
reinforced, 113 
retaining walls, 3, 261, 284 
return, 58 
shear, 163, 221 
single-leaf, 110 
solid, 110 
spine, 121,214 
ties, 314 
veneered, 111 
vertical lateral support of 
zig-zag, 110 
wall ties 
butterfly, 56,314 
characteristic strength of, 69 
corrosion, 181 
design of in diaphragm walls, 182, 211 
design of in wall panels, 69 
diaphragm walls, (omit this line) 
double-triangle, 56, 314 
durability, 314 
general, 54, 314 
in collar-jointed walls, 152 
selection of, 56 
shear resistance, 182, 211 
spacing, 56, 211 
vertical twist, 55, 80,314 
Wapping — Rotherhithe Tunnel, 244 
water absorption, 48, 50, 151, 160, 167, 170, 
207 
width of rectangular stress block, 53, 151, 
153, 157 
in arch method of design, 59, 61 
in diaphragm and fin walls, 190, 198 
workmanship 
standard of, 27 


Young’s modulus, 55, 269 


zig-zag walls, see chevron walls 


